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ABSTRACT 


Measured  icpedance  data  are  presented  for  two  planar,  equiangular, 
printed-circuit,  tso-ara,  spiral  antennas  not  counted  over  cavities. 

The  icpedance  was  measured  at  the  center  terminals  of  the  antennas  when 
the  antennas  were  placed  against  various  types  of  building  materials 
and  when  situated  in  free  space.  Measurements  were  cade  at  frequencies 
both  within  and  below  the  radiating  frequency  band  of  each  antenna. 
Compact  baluns  with  flat  fore  factors  were  desigaed  to  catch  the  average 
antenna  impedance  over  the  radiating  frequency  band  found  from  these 
measurements,  to  an  unbalanced  50-ohs  icpedance.  The  measured  impedance 
and  loss  characteristics  of  the  compact  baluns,  data  showing  the  effect 
on  antenna  impedance  of  running  a  twin-lead  transmission  line  close  to 
the  antenna,  and  impedance  data  for  two  complete  bal in/ antenna  configu¬ 
rations  in  free  space  are  also  presented. 

It  is  shown  that  the  center-driven  icpedance  is  significantly  lower 
than  the  theoretical  icpedance  of  18S.5  ohss  due  to  the  presence  of  the 
dielectric  that  supports  the  spirals  and  due  to  the  fact  that  the  ideal 
spiral  geocetrv  close  to  the  center  feed  terminals  was  cot  realized.  It 
is  also  shown,  however,  tnat  the  presence  of  various  types  of  building 
materials  does  not  affect  this  impedance  significantly  over  the  radiating 
frequency  bands  of  the  antennas. 

Two  compact  baluns  were  designed  that  matched  the  antennas  tc  an 
unbalanced  50 -chc -system  icpedance  with  VSfcR’s  less  than  1.5  oi'er  cost 
of  the  radiating  frequency  band  of  each  antenna.  This  catch  was  extended 
to  frequencies  below  the  radiating  frequency  band  by  tercinating  the 
outer  end  of  the  antennas  with  conbination  luaped  and  distributed  loads. 
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To  achieve  a  practical,  low-profile  configuration  that  included 
both  antenna  and  balun,  it  was  necessary  to  position  the  balun  in  the 
place  of  the  antenna.  Ispedance  neasurenents  of  such  a  configuration 
revealed  sose  degradation  in  the  natch  between  the  antenna  and  30  ohss. 
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I  INTRODUCTION 


A.  Background 

The  study  reported  herein  is  a  follow-on  to  Contract  1083-100623- 

1* 

SCC-09824  (SRI  Project  1081).  The  objective  of  that  contract  was  to 
measure  the  impedance  at  the  outside  ends  of  two  spiral  antennas  and  to 
design  matching  networks  that  could  be  connected  between  the  spiral 
outer  ends  and  the  surrounding  metal  ring  of  the  antennas  to  reduce 
the  low-frequency  VSWR  at  the  spiral  centers.  The  results  obtained 
from  that  contract  were  us.:.  in  the  current  study,  which  is  reported 
herein. 

The  current  study  is  divided  into  two  tasks.  Task  A,  the  subject 
of  this  report,  is  involved  with  the  driving-point  impedance^  measure¬ 
ments  of  the  two  spiral  antennas  used  in  the  former  study,  and  the 
subsequent  design  of  two  compact  baluns  with  flat  form  factors  used  to 
match  the  antennas  to  a  receiver  system  with  a  50-ohm  unbalanced  input 
impedance.  Task  B,  which  will  be  the  subject  of  a  separate  report,  is 
involved  in  the  design  and  construction  of  two  loop  antenna  Liist  will 
operate  in  the  frequency  range  from  10  MHz  up  to  the  low-frequency 
radiation  cutoff  of  their  respective  spiral  antennas.  Each  of  these 
loop  antennas  will  be  mounted  concentrically  with  one  of  the  spiral 
antennas. 

* 

References  are  listed  at  the  end  of  the  report, 
t 

The  impedance  at  the  terminals  at  the  center  of  the  antennas,  where 
this  type  of  antenna  is  normally  driven. 


The  antennas  used  in  Task  A  were  supplied  by  the  Department  of 
State  nd  are  planar,  equiangular,  printed-circuit,  two-arm,  spiral 
antennas  not  mounted  over  cavities.  These  antennas  are  the  Electro/ 

Data  Models  AN15-12  and  AN15-24,  each  Serial  Number  1.  One  antenna 
is  12  inches  in  diameter  across  the  spiral  ends  and  the  other  is  24 
inches  in  diameter.  Other  details  are  described  in  the  previous  report 
under  Contract  1083-100623-SCC-09824.* 

B.  Objectives 

An  objective  of  Task  A  was  to  determine  the  driving-point  impedance 
within  the  radiating  frequency  range  of  each  spiral  antenna  when 
situated  in  free  space  and  when  backed  by  various  typical  dielectric 
building  materials.  An  average  was  taken  of  the  impedances  measured 
for  each  combination  of  antenna  and  building  material,  and  in  free 
space.  A  second  objective  was  to  design  two  flat-form-factor,  compact 
baluns  to  match  this  average  driving-point  impedance  to  a  system  with  an 
unbalanced,  50-ohm  impedance. 

The  final  objective  was  to  investigate  several  balun/ antenna 
configurations  to  determine  which  configuration  minimized  the  VSWR  and 
at  the  same  time  maintained  a  low-profile  balun/' antenna  configuration. 

As  part  of  the  final  objective,  the  use  of  matching  networks  to  terminate 
the  outer  ends  of  the  spirals  was  investigated  to  extend  the  low  VSWR 
to  frequencies  below  the  radiating  band.  The  matching  networks  accomplish 
this  by  absorbing  the  currents  reaching  the  outer  ends  of  the  antennas. 

C.  Method  of  Approach 

Impedance  measurements  were  made  using  the  computer-controlled 


Hewlett-Packard  automatic  network  analyzer  owned  by  the  Institute.  The 
network  analyzer  measured  the  reflection  coefficient  relative  to  its 


own  impedance.  From  these  data,  complex  impedance  and  VSWR  are 
determined  by  the  computer  associated  with  the  network  analyzer  and 
either  plotted  as  a  function  of  frequency  on  oscilloscopes  and  a 
recorder,  or  listed  on  a  teletype  terminal,  or  both. 

In  order  to  measure  the  impedance  at  the  center  terminals  of  each 
spiral,  a  measurement  instrument  is  needed  with  a  balanced  port.  The 
unbalanced  reflection  port  of  the  network  analyzer  was  converted  to  a 
balanced  port  using  a  balun  (BALanced-to-UNbalanced  mode  transformer). 

The  network  analyzer  was  then  calibrated  using  reflection  standards 
at  the  balanced  port.  The  result  is  that  the  balun  characteristics 
were  calibrated  out  of  the  measured  data,  and  the  output  data  are  the 
actual  driving-point  impedances  of  the  antennas. 

Using  the  results  of  the  antenna  impedance  measurements,  the  compact 
baluns  were  designed.  The  characteristics  of  each  balun  when  terminated 
in  a  balanced  resistive  load  were  measured  using  the  conventional 
unbalanced  nc-rt  of  the  network-analyzer  balun.  As  one  step  in  deciding 
how  to  mount  tne  baluns  on  the  antennas,  a  study  was  made  on  the  effects, 
on  driving-point  -npedance,  of  running  a  twin-lead  transmission  line 
close  to  the  antenna  surface.  The  final  measurements  obtained  for  this 
report  were  made  on  two  complete  compact  balun/ antenna  configurations. 
Impedance  was  measured  at  the  unbalanced  port  of  the  balun  when  it  was 
connected  to  its  respective  antenna  situated  in  free  space.  During 
these  measurements  the  outer  ends  of  the  antenna  spiral  conductors 
were  terminated  with  networks  designed  to  improve  the  antenna  input 
match  at  frequencies  below  the  radiating  band  of  each  antenna.  The 
results  from  Contract  1083-10G623-SCC-09824  were  used  as  an  aid  in 
designing  these  outer  terminations. 
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II  ME' ~UREMENT  TECHNIQUE 


A.  Equipment  Configuration  for  Measurement  Setup 

The  measurements  described  in  this  report  were  made  using  the 

Hewlett-Packard  8541A  automatic  network  analyzer.  This  instrument 

* 

specifically  measured  the  scattering  parameters  of  microwave  networks. 

From  these  parameters,  various  electrical  properties  of  the  microwave 

networks  can  be  derived.  For  example,  VSWR  and  Smith-chart  plots  may 

be  found  from  scattering-parameter  data,  and  if  the  system  impedance 

(source  impedance)  under  which  the  measurements  were  obtained  is 

known,  the  re-il  and  imaginary  components  of  the  network  input  impedance 

may  be  derived.  Processing  of  measured  data  is  done  by  the  network- 

analyzer  computer,  which  also  provides  automatic  system-control  functions. 

A  significant  feature  of  the  automatic  network  analyzer  is  that  system 

errors  may  be  determined  by  measuring  standard  components  with  known 

2 

electrical  properties.  By  use  of  the  computer  these  errors  are  sub¬ 
sequently  calibrated  out  of  the  measured  scattering  parameters  of  the 

3 

microwave  network,  the  electrical  properties  of  which  arc  unknown. 

Using  the  automatic  network  analyzer,  the  driving-point  impedance 
as  seen  at  the  center  feed  terminals  of  the  12-inch  and  24-inch  spiral 
antenna  were  measured  over  a  range  of  frequencies.  To  obtain  impedance 
measurements  the  reflection-measurement  port  of  the  network  analyzer 
was  connected  to  a  4:1  impedance  balun  transformer  which  in  turn  was 
connected  either  directly  to  the  i-.ienna  or  to  the  antenna  through  a 


Complex  reflection  and  transmission  coefficients. 
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balanced  150-ohm  transmission  line.  The  balun  was  required  to  convert. 

the  two  unbalanced  output  currents  from  the  network-analyzer  coaxial 

reflection  port  to  the  two  balanced  currents  (equal  amplitude  but 

opposite  in  phase)  required  to  excite  the  antenna.  The  balun  impedance- 

transformation  ratio  need  not  have  been  4 si,  however;  any  other  practically 

achievable  ratio  could  have  been  used  as  long  as  its  value  was  known. 

The  impedance-transformation  ratio  determines  the  system  (or  sourse) 

impedance  under  which  the  measurements  were  obtained.  Knowledge  of 

system  impedance  is  necessary  in  order  io  correctly  interpret  the 

measurement  data  or,  specifically,  to  compute  the  correct  driving-point 

3 

impedance  from  reflection-coefficient  data.  (The  4:1  Anzac  balun 
impedance  transformer  tranMormed  the  network-analyzer-system  impedance 
of  50  ohms  to  200  ohms.) 

The  balanced  output  port  of  the  balun  was  modified  in  order  that  it 
could  be  directly  connected  to  the  24-inch  antenna.  This  modification 
consisted  of  extending  the  balanced  output  port  using  a  rigid-wire, 

200-ohm  transmission  line  with  wire  spacing  equ=\l  to  the  24-inch-  antenna 
feed-point,  spacing  of  3G0  mils.  An  additional  tapered  200-ohm  trans¬ 
mission  line  was  built.  Tn  order  that  the  same  balun  could  be  used  for 
the  12-inch-antenna  impedance  measurements,  the  spacing  between  the  two 
wires  of  this  line  was  tapered  from  300  to  150  mils.  The  characteristic 
impedance  of  20G  ohms  was  maintained  over  the  length  of  the  transmission 
line  by  tepering  the  wire  diameter  appropriately. 

A  compact  balun  with  a  flat  form  factor  was  built  for  each  spiral 
antenna.  As  will  be  explained  in  Section  V,  the  baluns  were  designed 


Anzac  TKN-6360-N,  Serial  No.  485,  furnished  by  the  sponsor. 

^The  wire  diameter  was  113  mils  to  give  a  characteristic  impedance  of 
200  ohms  for  the  transmission  line. 


. . 


r 

B 


to  transform  an  unbalanced  source  impedance  of  50  ohms  to  a  balanced 

real  impedance  equal  to  the  average  driving-point  impedance  within 

the  radiation  band  of  the  12-inch  and  24-inch  antenna  (see  Section  III). 

The  electrical  properties  of  each  compact  baiun,  presented  in  Section  V, 

were  measured  using  the  network  analyzer.  Reflection-coefficient 

measurements  (from  which  V3WR  is  determined)  were  obtained  when  the 

balanced  output  port  of  the  baluns  were  terminated  with  a  load  equal 

to  the  average  driving-point  impedance  of  the  antennas.  In  addition, 

the  baiun  loss  was  measured.  This  measurement  required  two  additional 

4 

baiun  terminations — a  short  and  an  open.  A  description  and  construction 
details  of  these  balanced  terminations  as  well  as  the  balanced  load 
appear  in  the  following  subsection. 

Once  the  final  design  and  construction  of  the  compact  baluns  were 
completed,  they  were  connected  to  their  respective  antennas  by  means 
of  a  132-ohm  transmission  line.  The  final  measurements  reported  herein 
were  made  on  the  compact  baiun/ antenna  configuration.  Impedance  measure¬ 
ments  were  made  looking  into  th~  imbalanced  input  port  of  the  baiun. 

No  special  calibration  considerations  were  necessary  for  these  last 
measurements.  The  reflection  port  of  the  network  analyzer  to  which 
the  baiun  was  connected  during  measurement  is  an  unbalanced  50-ohm- 
impedance  port.  System  calibration  was  accomplished  using  the  Hewlett- 
Packard  standard  terminations  supplied  with  the  network  analyzer. 


B.  Design  of  Balanced  Calibration  Standards  and  Terminations 

As  explained  above,  a  baiun  was  added  to  the  network-analyzer 
reflection-measurement  port  to  convert  it  to  a  balanced  port.  To  obtain 
an  accurate  measurement  of  the  unknown  driving-point  impedance  of  the 
antenna,  the  baiun  characteristics  as  well  as  the  network-analyzer- 
system  errors  must  be  measured  in  order  that  these  quantities  can  be 
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subtracted  out  of  the  antenna  data.  This  required  that  system  cali¬ 
bration  be  accomplished  by  measuring  known  standards  connected  to  the 
balanced  (output)  port  of  the  balun.  None  of  the  standards  supplied 

with  the  network  analyzer  by  Hewlett-Packard  could  be  used,  since 

♦ 

they  fit  only  coaxial  connectors.  Hence,  three  balanced  standards 
used  for  system  calibration  were  built  at  SRI  and  are  described  as 
follows. 

The  three  standard  terminations  together  with  the  Anzac  balun  used 
on  the  network  analyzer  are  shown  in  Figure  II-l.  Each  termination  is 
connected  directly  to  the  200-ohm  rigid-wire  transmission  line  that 
extends  the  balanced  output  port  of  the  balun.  The  200-ohm-load  termi¬ 
nation  consists  of  two  100-ohm  carbon  resistors  connected  in  series. 

Each  resistor  was  selected  so  that  when  connected  in  series  they  would 

match  the  characteristic  impedance  of  the  transmission  line  as  closely 

+ 

as  possible.  One  end  of  each  resistor  is  soldered  to  a  female  pin 
that  plugs  onto  the  end  of  the  balun  transmission  line.  The  female  pins 
were  taken  from  type  BNC  connectors.  The  other  end  of  each  resistor 
was  embedded  within  a  metal  block,  as  shown  in  Figure  II-l.  The  physical 
configuration  of  the  load — specifically,  the  angle  between  the  two 
resistors,  and  the  depth  at  which  each  resistor  is  inserted  into  the 
block — was  adjusted  empirically  to  minimize  load  reactance.  Adjustments 
were  made  after  the  impedance  of  each  100-ohm  resistor  was  measured 


S-  and  X-band  waveguide  standards,  as  well  as  standards  that  fit  a 
special  Hewlett-Packard  jig  used  for  transistor  measurements,  are  also 
available.  These  also  are  of  no  use  in  the  application  being  discussed. 

► 

This  termination  should  be  a  very-low-reflection  load;  for  a  discussion 
of  the  three  types  of  standard  terminations  required  for  system  cali¬ 
bration  and  the  mathematical  procedures  in  determining  system  errors, 
see  Ref.  2. 


FIGURE  11-1  BAIUN  TERMINATIONS  USED  TO  OBTAIN  SYSTEM  CALIBRATION  DATA 
From  upper  left  to  upper  right  are  shown  the  200-ohm  toad,  and  the  short 
and  the  open  terminations,  the  An/ac  Italun  is  shown  IxjtC’.v  the  terminations. 
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separately  over  a  ground  plane.  Measuring  each  resistor  individually 

allowed  use  of  the  network  analyzer  in  obtaining  the  load  impedance. 

Since  the  termination  is  a  balanced  load,  a  virtual  ground  exists  at 

the  plane  of  symmetry  (provided  that  the  resistors  are  essentially 

equal).  Thus,  for  measurement  purposes  eacn  resistor  can  be  mounted 

over  a  ground  plane,  and  then  connected  directly  to  the  coaxial  reflection 

* 

measurement  port  of  the  network  analyzer.  The  total  1  oa-.'  impedance 
was  found  by  adding  the  impedances  of  the  two  100-ohm  resistors.  The 
final  load  configuration  was  found  to  have  a  VSiTR  of  less  than  1.03, 
with  respect  to  a  200-ohm  system,  over  the  frequency  range  from  100  to 
2000  MHz. 

The  two  additional  standards  shown  in  Figure  II-l  are  the  short- 
circuit  and  open-circuit  terminations.  The  short  circuit  consists  of 
two  BXC  pins  attached  perpendicular  to  a  metal  block.  The  pins  are 
identical  in  length,  diameter,  and  spacing  to  those  used  for  the  200- 

Jk 

ohm-load  termination.  The  reference  plane  to  which  the  driving-point 
impedance  data  presented  it*  the  next  section  refer,  is  defined  by  the 
plane  metal  surface  connected  to  the  pins.  The  plane  surface  of  the 
metal  block  was  made  large  enough  that  essentially  all  of  tne  fields 
about  the  transmission  line  terminate  on  it. 

The  open  circuit  simply  consists  of  two  BXC  pins  attached  to  the 
Anzac  balun.  These  pins  are  again  identical  to  those  used  for  the 
other  two  standard  terminations,  so  that  the  open  circuit  occurs  at  the 
reference  plane  defined  by  the  short-circuit  termination.  Because  of 


Calibration  for  these  measurements  was  completed  using  Hewlett-Packard 
coaxial  standards  connected  to  the  network  analyzer  reflection  port. 


Specifically,  the  plane  at  which  phase  comparisons  of  the  incident 
and  reflected  waves  are  made. 
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fringing  capacitance  at  the  open  end  of  the  pins,  the  open-circuit 

termination  does  sot  appear  as  a  perfect  open  circuit.  However,  the 

5 

fringing  capacitance  at  the  open  end  of  the  pins  was  computed,  ana  the 

* 

calibration  data  sere  corrected  accordingly. 

In  addition  to  the  calibration  standards  just  described,,  three 
terminations  of  Roosn  characteristics  sere  needed  to  measure  the  el me¬ 
trical  properties  of  the  compact  baluns  designed  at  SHI .  Like 
calibration  standards,  these  terminations  verc  a  rery -los-rer  v rtioa 
resistive  load,  a  short  circuit,  and  an  open  circuit.^  A  s> itch  of 
the  resistive  load  is  sbora  in  Figure  I I -2.  The  load  is  similar  to  the 
calibration-standard  load  described  above,  in  that  it  is  a  balanced  load 
consisting  of  tso  carbon  resistors  connected  in  series.  However,  the 
impedance  requirements  are  different,  since  the  compact  baluns  required 

Jk- 

a  132-ohs  termination  for  its  vert— lot- reflect  ion  load-  As  sbom  in 
Figure  11-2.  two  selected  65-ohm  resistors  are  each  supported  by  a 
metal  block  and  are  connected  is  series  by  shorting  each  block  together. 
The  other  end  of  each  resistor  is  connected  to  a  separate  ESC  pin,  and 
these  pins  arc-  spaced  150  nils  apart.  The  two  pins  form  a  transmission 
line  with  a  characteristic  impedance  of  1-5-5  ohms  in  free  space.  Tso 
pieces  of  dielectric  material  sere  inserted  between  the  pins  to  reduce 
the  characteristic  impedance  to  132  ohms.  Each  piece  of  dielectric 
sms  copper  clad  on  one  side  and  put  together  so  that  the  copper-clad 
sides  pressed  against  each  other,  forming  a  ground  plane  as  shoao  in 


See  Eqs.  (s)  through  (10).  Ref.  2.  Xote  that  £q.  (S)  of  Ref.  2  should 
read  s  =  2  tan  1  (0.00031-12  -F-C). 

5- 

The  132-ohm  impedance  is  the  real  part  of  the  average  driving-point 
impedance  of  both  antennas  in  their  radiating  frequency  bands  as 
determined  by  the  measurements  discussed  in  Section  III. 


II 


Figure  II— 2.  As  aas  done  with  tie  call braticn— standard  load,  each 
resistor  in  Use  compact— hal  un  lead  *ss  measured  separately  with  the 
network  analyzer  by  connecting  a  coaxial— connect  Of  center  pin  to  a 
resit'or  339C  pin  and  the  outer  conductor  of  the  connector  to  the  ground 
plaac.  The  depth  of  each  resistor  in  its  supporting  at-tai  block  «as 
adjusted  to  minimize  reactance,  then  the  measurements  for  each  resistor 
were  combined.  the  total  YS*B  of  the  final  load  configuration,  referenced 
to  132  obis,  seas  less  than  l.&S  over  the  frequency  range  f root  100  to 
1500  IS z.  and  less  than  i.OS  up  to  2 ODD  }Sz. 

The  short-circuit  and  opes-circsiit  tend  nations  used  in  measuring 
the  electrical  properties  of  the  compact  inlets  differed  physically  iron 
the  calibration  standards  described  above  only  in  their  pin  spacing. 

The  pin  spacing  was  13©  mils,  and  the  pins  were  surrounded  by  dielectric 
material  to  lower  their  characteristic  impedance  to  132  ohms. 


Ill  DZ1  n  XC-POI  XT -I  £PfSA5C£  DATA  FOB  ANTEXXAS 
IX  IKE  PRESENCE  OF  YABIOES  5UILDIXG  KAXESIALS 


A.  Geseral 


The  data  presented  in  this  section  show  the  results  of  driving- 
-oiai-iapedaace  jaasaresests  is  the  1  Oj—  to— 1  SQO-XSz  frequencT  range  for 


the  12— inch  and  24— inch  soiral  amt 


obtained  when  the  antennas  were 


in  juxtaposition  with  various  types  of  dielectric  building  materials, 
r-ti ring-point  impedance  is  defined  here  as  the  input  impedance  looking 
into  the  center— feed  terminal s  where  spiral  antennas  are  usually  driven. 


parpose  ii 


these  mgasurgBenis  was  to  first  an  average .  real 


driving-point  impedanoe  for  all  the  an* en-a-ard-building -material 
combi nations  considered  in  the  report.  Subsequent  to  these  measurements, 
a  compact  halm,  described  in  Section  V,  was  designed  for  each  antenna 
to  natch  this  average  dri ring-point  impedance  f  balanced)  to  an  unbalanced 
''-tree  -■spedance  of  53  oins. 

la  this  report  only  the  primary  tsnwl  i*de  generated  or  the  spiral 

anfema  is  considered.  In  general.  sasj  current  snides  can  exist. 

6 

depend  rag  on  the  elect  rr  cal  size  of  the  antenna.  Eowerer.  within  the 
frequency  range  over  which  antenna  measurements  were  made,  the  primary 


node  was  the 


node  of  radiation.  Sbes  several  noses  arc  exicted 


siansl  taaeoasir . 


iar  region  of  radiation  is  different  for  each. 


•hen  soring  frsa  the  center  of  tee  antenna  cutwurd  along  the  spiral 
ccadoctors.  the  primary-node  radiation  region  is  reached  first,  the 
secondary  rode  radiation  region  next .  etc.  Hence,  at  frequencies  where 
the  primary  node  and  secondary  or  higher-order  modes  exist  slmsaltane- 
onsiy.  most  of  the  eneigy  in  the  primary  mode  is  first  red  i  a  ted .  leaving 
an  insignificant  sa»st  of  clergy  in  the  higher-order  nodes  to  he 
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radiated  further  along  the  spisel  conductors.  As  frequency  is  increased, 
of  course,  the  pricary-nc-de  radiation  region  coves  closer  to  the  center 
of  the  spiral  until  the  feed  terminals  are  reached.  At  this  point, 
the  urinary -code  upper  radiating-frequency  licit  (or  higher-frequency 
c’.coff)  is  reached  and  the  secondary1  code  becoces  the  dominant  node  of 
radiation.  Thus,  in  the  following  discussions,  the  radiating-frequency 
range  of  the  spiral  antennas  is  defined  and  the  antenna  characteristics 
are  explained  in  teres  of  the  pr inary  rcjde  of  radiation  only. 

In  obtaining  the  driving-point  inpedance  data  for  the  spiral 

antennas,  no  particular  attention  was  given  to  how  the  outer  ends  of  the 

* 

spiral  antennas  were  terminated.  This  was  because  the  results  f ron  the 
previous  contract,  under  which  various  ways  of  terminating  the  spiral 
antennas  were  investigated,  showed  that  any  termination  could  be  used 
without  affecting  the  driving-point  impedance  within  the  radiating- 
frequency  range  of  the  antennas.1  The  upper  radia.ing-frequency  licit 
is  primarily  determined  by  the  finite  antenna-feed-point  spacing, 
whereas  the  lower  licit  is  determined  by  the  outer  radius  of  the  spiral. 
Toe  average  driving-point  inpedance  found  for  each  spiral  antenna  was 
determined  only  from  data  obtained  within  these  frequency  limits.  Below 
the  lower  radiation-frequency  licit,  driving-point  impedance  is  extremely 
erratic  unless  the  antenna  outer  ends  are  properly  terminated.  If 
they  are,  the  driving-point  impedance  is  also  relatively  cons* ant  down 
to  the  lower  frequencies,  but  in  any  case  the  frequent'--  limits  for  gor’d 
radiation  are  unaffected. 


The  ends  of  the  spirals  were  left  essentially  a*  they  were  for  the 
former  contract  (Ref.  1);  the  ends  of  the  2;-inch  spiral  were  ic;t  open 
and  SUe  ends  of  the  12-inch  spiral  were  shorted  to  the  outer  antenna 
metal  support  ring. 
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B.  Discussion  of  Self-Complementary  Spiral-Antenna  Characteristics 
1 .  Electrical  Properties 

To  interpret  the  driving-point-impedance  data  presented  in 

this  section  as  well  as  the  data  presented  in  subsequent  sections, 

knowledge  of  the  general  frequency  characteristics  of  self-complementary 
7,8 

spiral  antennas  is  necessary.  These  antenna  characteristics  are  now 
summarised  below. 

The  frequency  band  for  good  radiation  is  determined  by  the 
physical  dimensions  of  the  antenna.  Radiation  occurs  in  an  annular 
region  with  average  circumference  of  one  wavelength  at  the  frequency  of 
excitation.  Since  any  physically  realizable  antenna  has  finite  size, 
its  radiating-frequency  band  will  be  limited.  The  upper  frequency  limit 
of  the  radiating  band  is  determined  by  the  finite  center-feed-terimnal 
spacing,  since  at  the  feed  points  the  spiral  elements  end  abruptly.  As 
the  excitation  frequency  is  lowered,  the  radius  of  the  radiating  region 
increases  until  it  reaches  the  outer  ends  of  the  spiral  elements.  At 
this  point  the  lower  frequency  limit  of  the  radiating  band  is  reached. 

Within  the  radiating  frequency  band  of  the  antenna  the  driving- 

point  impedance  is  constant  and  has  a  theoretical  value  of  approximately 

* 

188  ohms  in  free  space.  If  the  frequency  is  increased  through  the  upper 
radiating-frequency  limit,  erratic  behavior  of  driving-point  impedance 
is  expected  during  the  transition  from  the  primary  to  the  secondary 
mode  of  radiation.  If  the  frequency  is  decreased  below  the  lower  fre¬ 
quency  limit,  currents  are  reflected  from  the  outer  ends  of  the  spiral. 

$ 

This  assumes  an  infinite  spiral  and  that  the  electric  fields  extend 
only  into  free  space  (i.e.,  no  field  interaction  with  the  dielectric 
support  of  the  spiral,  which  would  lower  the  impedance). 
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This  causes  high  VSWR  and  erratic  behavior  with  variation  in  frequency 
of  the  driving-point  impedance.  This  erratic  behavior  the  lower 
frequencies  may  be  alleviated  somewhat  by  properly  terminating  the  outer 
ends  of  the  spiral  such  that  the  low-frequency  currents  are  absorbed 
rather  than  reflected.  Extending  the  frequency  range  for  constant 
driving-point  impedance  is  important  in  some  applications. 

In  practice,  spiral  antennas  have  dielectric  material  backing 
for  support  (typical  are  printed-circuit  spiral  antennas).  The  presence 
of  the  dielectric  material  will  lower  the  driving-point  impedance  by  an 
amount  that  depends  on  the  dielectric  constant  and  on  the  ratio  of 
dielectric  thickness  to  conductor  spacing  at  the  center  of  the  antenna. 
Generally,  the  presence  of  the  dielectric  material  will  also  lower  both 
frequency  limits  of  the  radiating  band,  but  since  the  ratio  of  dielectric 
thickness  to  conductor  spacing  is  usually  small  at  the  outside  of  the 
spiral  compared  to  that  ratio  at  the  antenna  center,  the  lower  frequency 
limit  will  remain  virtually  unchanged.  These  characteristics  will  be 
discussed  in  more  detail  later. 

2.  Transmission-Line  Analogy 

The  spiral  antenna,  driven  at  its  center,  may  be  thought  of 
as  a  kind  of  transmission  line,  consisting  of  spiral  stripline  con¬ 
ductors,  terminated  in  the  antenna  radiation  resistance.  This  analogy 

may  be  explained  by  the  fact  that  the  current  distribution  along  adjacent 

o 

spiral  conductors  is  approximately  180  out  of  phase  except  in  the 
annular  region  where  the  antenna  is  radiating.  In  this  region  the 
currents  are  approximately  in  phase.  Thus,  from  the  center  of  the 
spiral  to  the  radiating  region,  two  adjacent  spiral  conductors  act 
like  a  transmission  line  terminated  in  the  radiating  region,  which  acts 
as  an  antenna  radiation  resistance.  The  radiation  resistance  is  matched 
to  this  equivalent  transmission  line  in  the  sense  that  most  of  the 
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energy  traveling  along  the  line  is  radiated  into  free  space  from  the 
radiating  region  of  the  antenna. 

To  carry  this  analogy  further,  it  is  seen  that  the  length 
of  the  equivalent  transmission  line  is  variable,  depending  on  frequency. 
At  the  lower  radiating-frequency  limit,  the  length  is  maximum  and  is 
equal  to  the  path  length  of  the  spiral  conductors  from  the  center-feed 
terminals  to  the  outer  ends.  Below  the  low-frequency  limit  the  radiation 
resistance  effectively  becomes  infinite  and  all  the  energy  traveling 
down  the  equivalent  transmission  line  is  reflected  back  to  the  source 
(i.e.,  the  center-feed  terminals). 

With  the  aid  of  this  analogy  it  is  seen  that  the  spiral 
antenna  excites  two  types  of  electric  fields  within  the  radiating- 
frequency  range  of  the  antenna.  The  radiating  fields  are  of  one  type? 
energy  in  these  fields  is  radiated  into  free  space  or,  analogously, 
dissipated  into  the  antenna  radiation  resistance.  The  other  fields  are 
transmission-line-like  fields,  which  extend  from  one  adjacent  spiral 
conductor  to  the  other.  These  fields,  interacting  with  the  dielectric 
media  about  the  antenna,  determine  the  characteristic  impedance  of  the 
equivalent  transmission  line  and,  furthermore,  determine  the  wavelength 
of  the  frequency  of  excitation.  This  characteristic  impedance  is 
equal  to  the  transmission-line  input  impedance,  or,  analogously,  to  the 
spiral -antenna  driving-point  impedance,  when  the  transmission  line  is 
terminated  in  a  matched  load  (the  antenna  radiation  resistance  in  this 
analogy).  The  transmission-line-type  fields  responsible  for  >he 
characteristic  impedance  of  the  equivalent  transmission  line  are  termed 
the  "non-radiating"  fields  in  this  report. 


C.  Description  of  Building  Materials  and  Antenna  Orientations 

The  complex  driving-point  impedance  was  measured  for  the  12-inch 
and  21-inch  spiral  antennas  when  the  antennas  were  placed  against 
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several  types  of  building  materials.  These  materials  included  (1)  a 
44-by-46-inch  brick  and  mortar  wall,  (2)  a  44-by-46-inch  brick  and 
mortar  wall  covered  with  1/4-inch  plaster,  (2)  a  36-by-48-inch  plaster¬ 
board  (Sheetrock)  wall  with  two  studs  spaced  8  inches  on  either  side  of 
the  center  line  of  the  wall  (16  inches  apart),  and  (4)  a  36-by-48-inch 
hardwood  floor  with  two  joists  spaced  8  inches  on  either  side  of  the 
center  line  of  the  floor  (16  inches  apart).  In  each  case  measurements 
were  taken  with  the  dielectric  side  of  the  antenna  placed  tightly  against 
the  center  of  the  material.  The  antenna  was  driven  by  means  of  the 
Anzac  balun,  described  in  Section  I I -A,  connected  to  the  opposite  (metal) 
side  of  the  antenna.  For  the  wall  and  floor  structures,  measurements 
were  also  made  with  the  antenna  centered  over  a  stud,  or  joist,  and  for 
the  latter  case  the  antenna  was  positioned  against  the  hardwood-floor 
surface  and  against  the  joists  supporting  the  hardwood  floor  (i.e., 
unde.neath  the  floor).  In  addition,  impedance  measurements  were  obtained 
with  a  30-inch-square  sheet  of  plate  glass,  1/16-inch  thick,  covering 
the  metal  side  of  the  antenna  and  with  an  oil-painting  type  canvas 
between  the  glass  plate  and  the  antenna.  For  these  last  measurements, 
the  antenna  was  supported  by  styrofoam  placed  against.  its  dielectric 
side  and  was  driven  by  connecting  the  Anzac  balun  to  the  antenna  through 
two  small  holes  cut  into  the  glass  and  canvas. 

D.  Driving-Point-Impedance  Characteristics  of  Antennas 
1.  Data  for  the  24-inch  Antenna 

To  establish  a  reference  case,  driving-point-impedance  measure¬ 
ments  were  made  with  the  antennas  situated  in  free  space.  The  results 
for  the  24-inch  antenna  are  shown  in  Figures  III-l  and  III-2.  The  real 
and  imaginary  parts  of  driving-point  impedance  are  plotted  in  Fig¬ 
ure  III-l(a)  as  functions  of  the  log  of  frequency,  and  the  same  data 
are  shown  on  the  Smith  chart  in  Figure  III-2.  The  Smith  chart  is 
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normalized  to  200  ohms,  which  is  the  output  impedance  of  the  Anzac 
balun  driving  the  antenna.  The  Smith-chart  plot  covers  the  frequency 
range  from  100  to  1500  MHz,  but  the  impedance  plot  (Figure  III-l(a)) 
shows  additional  data  obtained  at  frequencies  up  to  4000  MHz.  These 
additional  data  are  shown  so  that  the  upper  frequency  limit  of  the 
spiral -antenna  radiation  band  can  be  approximated.  Small  fluctuations 
in  the  driving-point  impedance,  occurring  within  the  radiating  band  of 
the  antenna,  are  caused  by  reflections  from  objects  in  the  vicinity  of 
the  antenna  and  to  some  extent  by  spiral  imperfections.  These  fluctua¬ 
tions  are  averaged  out  of  the  data  presented  in  Figure  III-l  and  the 
subsequent  figures  of  this  section.  The  VSWR  and  the  magnitude  of  the 
reflection  coefficient  are  shown  in  Figure  III-l(b).  The  VSWR  would  be 
improved  over  the  radiating  frequency  band  by  driving  the  spiral  with 
a  balun  whose  output  impedance  was  less  thar  200  ohms. 

The  radiating  frequency  band  of  the  spiral  antenna  may  be 
approximated  by  determining  the  frequency  range  over  which  the  driving- 
point  impedance  is  relatively  constant  or  over  which  it  exhibits 
relatively  small  fluctuations  compared  to  the  large  fluctuations  else¬ 
where.  For  the  case  of  the  24-inch  antenna  in  free  space,  the  lower 
radiating  frequency  limit,  as  seen  in  Figure  III-l (a),  is  about  140  MHz. 

1 

This  frequency  is  consistent  with  that  measured  in  the  previous  contract. 

The  upper  radiating  frequency  limit  is  somewhat  more  difficult  to 

* 

determine  from  Figure  III-l (a),  however,  but  it  appears  that  the  antenna 
will  radiate  (in  the  primary  mode)  well  beyond  1500  MHz,  which  is  the 
specified  upper  measurement  frequency  for  this  contract. 


The  accuracy  of  the  impedance  curves  of  Figure  III-l  above  2000  MHz  is 
in  qeustion  because  the  electrical  properties  of  both  the  Anzac  balun 
used  to  drive  the  antenna  and  the  standard  load  used  in  calibration 
are  degraded  above  this  frequency. 


Over  the  radiating  frequency  range  of  the  24-inch  antenna 
situated  in  free  space,  Figure  III-l(a)  shows  that  the  real  part  of  the 
driving-point  impedance  is  about  125  ohms  and  the  imaginary  part  is 
close  to  zero-  The  driving-point  impedance  over  the  radiating  frequency 
range  is  less  than  the  theoretical  value  of  188  ohms  for  self-comple¬ 
mentary  spiral  antennas  because  the  spiral  antenna  is  etched  on  a 
dielectric  material  and  because  the  self-complementary  structure  of  the 
antenna  ends  abruptly  at  the  two  antenna  feed  points-  The  presence  of 
the  dielectric  material  causes  the  driving-point  impedance  to  decrease 
because  near  the  center  of  the  antenna  the  non-radiating  fields  interact 
significantly  with  the  dielectric  printed  circuit  board.  The  non¬ 
radiating  fields  are  closely  bound  within  the  dielectric  material  near 
the  antenna  center  because  of  the  large  dielectric-thickness-to- 
conductor-spacing  ratio.  The  antenna  manufacturer,  in  fact,  apparently 
tried  to  compensate  for  the  decrease  in  impedance  by  departing  from  the 
complementary  structure  along  the  antenna  in  the  vicinity  of  its  center. 
The  interaction  between  the  non-radiating  fields  and  the  dielectric 
material  close  to  the  spiral  antenna  is  discussed  in  some  detail  below. 

As  indicated  in  Figure  III-l,  VSWR  is  nearly  constant  in  the 
radiating  frequency  band,  but  is  not  near  unity.  This  is  because  the 
resistive  component  of  the  driving-point  impedance  is  significantly  less 
than  200  ohms  and  thus  a  mismatch  exists  between  the  spiral  antenna 
and  the  200-ohm  balun.  As  seen  in  Figure  III— 1,  the  resistive  compoment 
averages  about  125  ohms  in  the  frequency  range  between  140  and  1500  MHz. 
Thus,  if  the  antenna  was  driven  with  a  125-ohm  balun  instead  of  a 
200-ohm  balun,  the  VSWR  would  improve  to  a  maximum  value  of  1.12  over 
the  14 0-to-l 500-KHz  frequency  range. 

Below  140  MHz  the  24-inch  antenna  does  not  radiate  efficiently. 
Hence,  currents  reach  the  ends  of  the  spiral  antenna  and  are  reflected 
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back  to  the  center.  This  causes  the  large  ripples  in  driving-point 
impedance  below  140  MHz  as  seen  in  Figure  III-l.  When  the  data  are 
plotted  on  a  Smith  chart,  as  in  Figure  III-2,  large  impedance-curve 
loops  result.  As  the  frequency  increases  to  140  MHz,  the  curve  spirals 
inward  to  a  small  region.  Above  140  MHz,  the  points  fall  within  the 
small  circle  centered  at  (0.63  -  j0.05). 

The  results  of  the  dri ving-poiat-impedance  measurements 
obtained  for  the  24-inch  spiral  antenna  when  in  the  presence  of  large 
dielectric  building  materials  are  shown  in  Figures  III-3  and  III— 4. 

The  relative  positions  of  the  antenna  and  the  various  dielectric  bodies 
are  described  in  Section  III-C.  In  both  figures  the  real  and  imaginary 
parts  of  driving-point  impedance  are  plotted  as  functions  of  the  log 
of  frequency.  It  was  indicated  previously  that  only  the  driving-point 
impedance  within  the  radiating  frequency  band  of  the  spiral  antennas 
is  of  interest;  hence,  the  following  discussion  concentrates  on  the 
data  obtained  within  this  frequency  band. 

It  is  noted,  first  of  all,  that  the  radiating  frequency  band 
changes  depending  on  the  type  of  dielectric  material  placed  against 
the  antenna.  This  is  seen  when  comparing  Figures  III-3  and  III-4  with 
Figure  III-l,  which  shows  the  driving-point-impedance  data  for  the  case 
when  no  dielectric  building  materials  are  pressed  against  the  antenna. 
Specif icallv,  the  lower  radiating  frequency  limit  is  less  for  the  cases 
where  building  materials  are  positioned  against  the  antenna  than  it  is 
for  the  case  when  the  antenna  is  situated  away  from  all  building 
materials.  This  is  because  the  radiating  fields  interact  with  the 
added  dielectric  material  at  the  outer  ends  of  the  spiral,  resulting  in 
a  decrease  of  the  wavelength  on  the  spiral.  This  is  discussed  further 
in  Section  III-D-2  below. 
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FIGURE  IH-3  {Continued} 
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As  seen  in  Figures  III-3  and  II1-4,  some  driving-point- 
impedance  fluctuations  exist  within  the  radiating  frequency  band  of 
the  24-inch  antenna  placed  in  juxtaposition  with  the  building  materials. 
These  fluctuations  are  caused  by  multiple  reflections  from  the  die¬ 
lectric  material  inhomogeneities  and  from  foreign  objects  within  the 
material  such  as  nails.  The  fluctuations  caused  by  multiple  reflections 
from  objects  such  as  nails  [Figures  III-3(d)  and  III-3(e),  for  example] 
are  approximately  periodic  with  the  log  of  frequency.  This  is  because 
the  nails  interact  mostly  with  the  radiating  fields  but  interact  only 
slightly  with  the  non-radiating  fields.  That  is,  the  input  wave  travels 
the  length  of  the  spiral  from  the  feed  to  the  radiating  regions,  and 
some  of  the  wave  is  reflected  from  the  nails  and  travels  back  along  the 
spiral  to  the  feed.  The  feed-to-radiating-region  path  length  is 
inversely  proportional  to  the  ratio  of  the  input  frequency  to  some 
reference  frequency.  That  is,  the  path  length  is  proportional  to  minus 
the  logarithm  of  frequency.  Below  the  radiating  frequency  band  the 

fluctuations  are  periodic  with  frequency  (and  hence  appear  aperiodi c 

* 

on  the  semilog  plots  of  Figure  III -3  )  because  reflections  take  place 
at  fixed  points  on  the  spiral  (i.e.,  at  the  outer  ends  of  the  spiral). 
The  fluctuations  within  the  radiating  frequency  band,  however,  are 
considerably  less  in  amplitude  then  the  impedance  fluctuations  outside 
the  radiating  frequency  range  that  are  caused  by  reflections  from  the 
ends  of  the  spiral  antenna.  Most  significantly,  though,  is  the  fact 
that  over  the  radiating  frequency  range  of  each  antenna/buiiding- 
material  combination,  the  average  driving-point  impedance  is  essentially 
the  same  and  furthermore  differs  insignificantly  from  the  driving-point 
impedance  of  125  ohms  for  the  24-inch  antenna  situated  in  free  space 
(Figure  th-1). 


* 

This  is  more  evident  on  the  12-inch  antenna  plots  of  Figure  III-7. 
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Figure  III-4  shows  the  driving-point  impedance  of  the  antenna 
for  two  cases  when  glass  was  placed  against  the  metal  side  of  the 
antenna.  Once  again,  the  driving-point  impedance  is  about  the  same  as 
for  the  antenna  in  free  space. 

In  summary,  the  impedance  data  of  Figures  III-l  through  III-4 
show  that,  on  the  average,  the  driving-point  impedance  of  the  24-inch 
spiral  antenna  is  125  ohms  over  the  radiating  frequency  band  of  the 
antenna  and  is  unaffected  by  the  presence  of  the  various  types  of 
building  materials  brought  in  contact  with  the  antenna.  This  is  true 
as  long  as  the  fields  excited  by  the  antenna  near  its  center  do  not 
interact  with  the  building  material.  For  the  situations  represented 
in  Figures  III-l  through  IJI-4,  negligible  interaction  of  these  fields 
with  the  various  building  materials  occurred.  In  one  case  the  materials 
were  separated  from  the  metal  spiral  by  the  antenna  dielectric  support ; 
in  the  other  case  the  spiral  and  glass  (or  canvas)  dielectric  were 
separated  by  air.  The  result  that  driving-point  impedance  is  virtually 
constant  under  the  various  conditions  described  above  is  desirable,  for 
it  means  that  one  matching  network  will  suffice  to  match  a  50-ohm  source 
impedance  to  the  antenna  driving-point  impedance  for  all  these  conditions. 

2.  Discussion  of  Characteristics 
a.  Impedance 

The  reason  that  the  driving-point  impedance  over  the 
radiating  frequency  band  of  the  antenna  is  essentially  unaffected  when 
the  antenna  is  placed  against  large  dielectric  bodies  can  be  explained 
using  the  transmission-lino  analogy  introduced  in  Section  III-B-2.  As 
mentioned  there,  the  spiral  antenna  can  be  thought  of  as  consisting  of 
two  regions.  These  are  the  non-radiating  region  in  the  center  of  the 
antenna,  and  the  radiating  region.  There  is,  of  course,  a  gradual 
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rather  than  a  sharp  transition  between  the  two  regions.  Other  non¬ 
radiating  and  radiating  regions  also  exist  outside  the  primary  radiating 
region,  but  are  of  no  interest  here.  The  fields  and  modes  that  exist  in 
these  two  different  regions  are  very  different  from  each  other.  The 
exact  details  of  the  currents  and  fields  in  the  two  regions  need  not 
be  kncwn,  however,  for  the  following  qualitative  discussions  in  this 
subsection  and  Section  IIl-D-2-b. 

Consider  first  hew  the  dielectric  sheet  supporting  the 
spiral  conductors  affects  the  characteristic  impedance  of  the  equivalent- 
transraission-line  representation  of  the  non-radiating  region.  Near  the 
antenna  center,  where  all  dimensions  are  very  small  compared  to  wave¬ 
length,  the  currents  flowing  along  the  spirals  will  be  nearly  out  of 
phase  in  adjacent  conductors.  Most  of  the  electric  fields  that  start 
on  one  conductor  can  be  expected  to  terminate  on  the  adjacent  conductors, 
and  thus  will  not  extend  far  from  the  plane  containing  the  spirals. 

The  situation  will  bs  somewhat  analogous  to  the  two-strip  transmission 
lines  shown  in  cross  section  in  Figure  III-5.  In  Figure  III-5(a),  the 
spacing  between  strips  is  small  compared  to  the  thickness  of  the  support 
dielectric,  so  that  most  of  the  electric  field  on  the  dielectric  side 
of  the  strips  is  within  the  dielectric.  The  result  on  impedance  is 
essentially  the  same  as  if  the  support  dielectric  were  infinitely  thick. 
Adding  a  second  dielectric  on  the  same  side,  then,  such  as  the  building 
material  indicated  in  Figure  II1-5,  will  not  change  the  impedance  of  the 
transmission  line  significantly.  This  situation  is  analogous  to  that 
existing  at  the  center  of  the  spiral  antenna.  For  the  strips  shown  in 
Figure  lll-5(b),  on  the  other  hand,  che  scrip  spacing  is  not  small 
compared  to  the  thickness  of  the  support  dielectric,  and  much  of  the 
electric  field  passes  through  it.  The  characteristic  impedance  of 
this  widely  spaced  transmission  line  will  be  affected  by’  the  absence 
cr  presence  o£  additional  dielectric  beyond  the  support  dielectric. 
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This  situation  is  analogous  to  a  part  of  the  spiral  antenna  far  from  the 
antenna  center  yet  still  in  the  non-radiating  region. 

The  usual  printed  spiral  antennas  are  proportioned  such 

that  the  ratio  of  spiral  width  to  spacing  to  the  next  spiral  is  the 

same  at  any  location  c-n  the  antenna.  If  these  conductors  are  in  a 

uniform  dielectric  medium,  such  as  free  space,  then  the  impedance  l=»vel 

seen  by  a  non-radiating  wave  traveling  along  the  spiral?  will  be  the 

same  at  all  positions  on  the  spiral.  The  conductors  of  the  antennas 

being  discussed  are  not  in  free  space,  but  are  supported  on  a  dielectric 

sheet  of  uniform  thickness.  The  ratio  of  this  dielectric  thickness  to 

spacing  between  adjacent  conductors  is  large  at  the  antenna  center,  but 

small  at  the  outside  edge.  As  a  result,  the  equivalent  impedance  seen 

by  a  non-radiating  wave  will  be  a  function  of  position  along  the  spiral. 

The  impedance  will  vary  from  low  at  the  input  terminals  to  a  higher 

value  approaching  the  impedance  of  the  spiral  in  free  space  as  the  wave 

* 

propagates  outward  along  the  spiral. 


Some  numerical  values  night  be  of  interest  even  though  they  are  not 
essential  to  the  discussion.  For  a  self-complementary,  zero-thickness 
spiral  in  free  space,  the  theoretical  input  impedance  is  188  ohms.  If 
such  a  spiral  were  mounted  on  an  infinitely  thick  piece  of  dielectric 
with  relative  dielectric  constant,  e  r,  it  is  expected  that  tb*  impe¬ 
dance  would  be  lowered  to  188//  (I  +  e  )/2  =  109  ohms  for  e  =5.  At; 

r  r 

e  =  5  is  typical  oi  epoxy- fiberglass  circuit  boards,  but  is  not  known 
to  apply  to  these  antennas.  Thus,  an  impedance  level  on  the  order  of 
110  ohms  could  be  expected  at  the  antenna  center.  Two  other  factors 
also  influence  the  impedance.  One  is  that  the  ratio  of  conductor 
thickness  to  conductor  spacing  is  great  enough  near  the.  antenna  center 
to  further  lower  the  impedance.  The  recond  factor  is  that  these 
antennas  are  constructed  with  the  spiral  ^idth  near  the  antenna  center 
less  than  thet  of  a  self-complener.tary  structure,  which  raises  the 
impedance  to  partially  compensate  for  the  impedance-lowering  factors. 
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The  impedance  taper  along  the  spiral  is  not  necessarily 
undesirable.  The  impedance  changes  slowly  along  the  spiral,  so  the 
input  wave  experiences  only  small  reflections  as  it  propagates  along  the 
taper.  Once  the  wave  reaches  the  radiating  region  most  of  the  power  is 
radiated,  still  with  essentially  no  reflection.  As  long  as  none,  or 
ver>’  little,  of  the  input  wavi  is  reflected  back  toward  the  driving 
generator,  the  input  impedance  is  constant  and  equal  to  the  character¬ 
istic  impedance  at  the  input  of  the  spiral. 

Based  on  the  preceding  discussion,  it  is  now  obvious  why 
the  measured  driving-point  imwJnnce  does  not  change  significantly  when 
the  spiral  antenna  is  placed  with  its  dielectric  side  against  various 
dielectric  building  materials.  The  bui  i.axn^  mat  lowers  the  impe¬ 

dance  for  those  portions  of  the  spiral  far  from  the  center,  cot  at 
the  center.  The  impedance  taper  along  the  spiral  is  changed,  but  it  is 
still  a  gradual  taper  with  low  reflection.  Therefore,  the  input  impe¬ 
dance  is  still  equal  to  the  same  spiral-center  characteristic  impedance. 

The  particular  case  where  the  glass  was  placed  on  the 
metal  side  of  the  antenna  requires  separate  comment.  It  was  discovered 
after  the  data  were  taken  that  the  metal  eyelets  forming  the  connections 
to  the  spiral  center  held  tne  glass  away  from  the  spiral  conductors. 

The  resulting  air  gap  was  evidently  thick  enough  that  the  closely 
bound  non-radiating  fields  did  not  extend  from  the  spiral  out  to  the 
glass  at  the  antenna  center.  In  this  esse  again,  the  material  close  to 
the  antenna  did  not  change  the  impedance  at  the  antenna  center.  It  did, 
of  course,  interact  with  the  fields  farther  out  on  the  antenna  to  cause 
a  new,  but  gradual  and  reflectionless,  impedance  taper  with  the  same 
input  impedance. 

Thus  it  is  seen  that  the  impedance  taper  is  not.  only 
innocuous,  but  the  presence  of  the  dielectric  that  causes  the  impedance 
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taper  has  an  unexpected  benefit.  This  benefit  is  that  the  antenna 
driving-point  impedance  is  very  insensitive  to  the  presence  of  other 
dielectric  materials  near  the  antenna. 

b.  Cutoff  Frequencies 

As  lias  been  stated  earlier  in  the  report,  the  radiation 
cutoff  frequencies  are  determined  by  the  one-wavelength-circumferenCe 
radiation  region  touching  the  outer  or  inner  ends  of  the  spiral.  In 
order  to  explain  how  the  presence  of  dielectric  materials  near  the 
spiral  affects  the  cutoff  frequencies,  it  will  be  helpful  to  review 
why  some  regions  of  the  antenna  do  not  radiate  but  others  do  radiate. 

For  simplicity,  the  discussion  »-ill  begin  assuming  no  dielectric  near 
the  spiral  conductors. 

Figure  III -6 (a)  shows  some  turns  of  the  spirals  in  a 
region  where  all  dimensions • are  very  small  compared  to  wavelength.  For 
simplicity,  only  thin  lines  are  used  to  indicate  the  spirals.  Consider 
some  instant  in  time  when  current  is  flowing  onto  the  solid-line  spiral 
at  Point  Ij  and  off  of  the  other  spiral  at  Point  2  as  indicated  by  the 
arrows.  Following  the  solid-line  spiral  around  a  half  turn,  a  full  turn, 
etc. ,  the  current  has  undergone  negligible  phase  shift,  so  it  is  still 

oriented  counterclockwise.  Similarly,  all  current  arrows  on  the  dashed- 

* 

line  spiral  are  oriented  clockwise.  Both  currents  are  continuous  along 
the  conductors,  even  though  only  discrete  arrows  appear  on  the  figure. 
Note  the  alternating  directions  of  the  current  arrows.  The  far-field 
radiation  component  from  any  given  current  increment  is  canceled  by  the 
opposite  current  in  the  adjacent  conductor.  Not  only  that,  but  the 

* 

The  reader  is  reminded  that  this  discussion  is  only  qualitative.  See 
R_*f.  8  for  fine  details  of  the  actual  current  distributions. 
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current  on  the  same  conductor  is  oppositely  directed  in  space  a  half 
turn  around  *he  spiral. 

Now  consider  a  region  that  is  not  small  compared  to 

wavelength — specifically,  the  ragion  with  average  circumference  equal 

to  a  wavelength.  At  some  time  instant,  a  current  maximum  exists  with 

the  current  direction  counterclockwise  at  Point  3  on  Figure  III-6(b). 

Recalling  that  the  current  for  a  traveling  wave  varies  sinusoidally 

along  the  direction  of  propagation,  it  is  clear  taat  at  the  given  time 

instant  he  current  is  zero  a  quarter  turn  around  the  spiral,  and 

maximum  again  a  half  turn  around  the  spiral.  The  current  at  ibis 

second  maximum  is,  however,  reversed  from  counterclockwise  to  clockwise. 

Note  that  both  current  arrows  now  point  to  the  right,  so  that  their 

contributions  to  the  far-field  radiat'on  along  the  antenna  axis  add  in 

phase.  Point  4  in  Figure  III-6(b)  is  on  the  other  spiral  and  is  chosen 

to  be  the  same  distance  from  the  feed  as  Point  3.  Thus  the  currents  at 

Points  3  and  4  are  still  out  of  phase  in  the  sense  of  direction  of 

travel  along  the  spirals.  Compare  the  arrow  orientations  at  Points  1 

and  3  and  at  Points  2  and  4.  The  current  at  Point  4  is  clockwise,  and 

reverses  to  counterclockwise  a  half  turn  around  the  dashcd-line  spiral. 

Now  the  current  increments  in  adjacent  conductors  are  in  the  same 

direction  as  seen  from  a  distant  point  on  the  antenna  axis,  so  that  all 

* 

radiation  components  add  in  phase. 

For  a  few  turns  of  the  spirals  inside  and  outside  the 
wavelength-circumference  circle,  the  current  maxima  will  depart  from  the 

* 

At  this  time  instant,  all  the  currents  pictured  in  Figure  III-6  are 
radiating  a  linearly  polarized  field.  As  tine  progresses,  the  currents 
turn  as  they  follow  the  spiral.  The  result  is  that  the  far-field 
vector  rotates  once  per  RF  cycle — that  is,  the  far  field  is  circularly 
polarized. 
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half-turn  spacing  depicted  in  Figure  III-6(b),  and  the  current  incre¬ 
ments  sp:-ced  around  the  spiral  a  half  turn  will  depart  somewhat  from 
radiating  exactly  in  phase.  The  phase  relationships  are  close  enough 
to  being  correct,  however,  that  significant  radiation  occurs  from 
several  turns.  Just  how  many  turns  depends  on  how  tightly  the  spiral 
is  wound . 

Now  that  the  necessary  phase  relationships  for  good 

radiation  have  been  covered,  the  effect  of  adding  dielectric  material 

near  the  spiral  conductors  will  be  discussed.  Obviously,  mounting 

the  spirals  on  a  dielectric  support  sheet  will  slow  the  wave  as  it 

propagates  out  along  the  conductors.  For  a  given  excitation  frequency, 

then,  the  wavelength  along  the  spiral  will  be  shortened,  and  the 

diameter  of  the  radiating  region  decreased.  Referring  to  Figure  I1I-5, 

it  is  readily  apparent  that  the  wave  will  be  slowed  the  most  near  the 

antenna  center  where  the  electric  fields  to  the  left  of  the  spiral  are 

all  within  the  support  dielectric,  and  the  wave  will  be  slowed  very 

little  out  near  the  antenna  edge  where  most  of  the  electric  field  on 

the  left  passes  through  the  support  dielectric  and  out  into  air  again. 

Thus  it  is  expected  that  the  dielectric  support  sheet  will  lower  the 

♦ 

upper  cutoff  frequency  for  the  primary  radiation  mode  considerably, 
but  the  dielectric  support  sheet  will  lower  the  lower  cutoff  frequency 
only  slightly. 

Finally,  xhen  the  antenna  is  placed  with  its  dielectric 
side  against  the  building  materials,  the  fields  near  the  spiral  center 

* 

An  estimate  of  the  change  factor  for  the  upper  cutoff  frequency  is 
1/JTZ  +  l)/2  0.6  (i.e. ,  —50  percent  change),  for  a  support  dielectric 

constant  sr  -  5. 


do  not  reach  that  material,  so  the  upper  cutoff  frequency  is  not  lowered 
further.  The  fields  near  the  outside  of  the  antenna  do  extend  into  the 
building  material  as  illustrated  in  Figure  III-5(b),  so  that  the 
presence  of  the  additional  dielectric  will  lower  further  the  lower 
radiation  cutoff  frequency.  The  data  of  Figures  I1I-1  through  III— 4 
clearly  show  this  effect. 

3.  Data  for  the  12-inch  Antenna 

The  measured  driving-point  impedance  and  related  data  for  the 
12-inch  spiral  antenna  are  shown  in  Figures  I1I-7  through  I1I-9.  The 
real  and  imaginary  parts  of  driving-point  impedance  are  plotted  in 
Figure  III-7(a)  as  functions  of  the  log  of  frequency  for  the  case  when 
the  12-inch  antenna  is  situated  in  free  space;  the  same  data  are  shown 
on  the  Smith  chart  in  Figure  III-S.  As  in  the  case  of  the  2-1-inch- 
antenna  measurements,  the  Sjaith  chart  is  normalized  to  the  200-ohm 
Anzac  talun  output  impedance,  and  tne  plot  covers  the  frequency  range 
from  100  tc  1500  KHz.  The  V5KR  and  the  magnitude  of  the  reflection 
coefficient  are  shown  ir.  Figure  III-7(b).  The  real  and  imaginary  parts 
of  driving-point  impedance  are  plotted  as  functions  of  the  log  of 
frequency  in  Figure  I II -9  for  several  of  the  12-inch-antensia  teal  icing- 
material  combinations  discussed  in  Section  IIE-C. 

The  12-inch  spiral  antenna  is  essentially  a  2:1  scaled-down 
version  of  the  24-iuch  antenna.  Two  parameters  that  are  not  scaled, 
however,  are  the  thickness  of  the  dielectric  circuit  board  supporting 
the  antennas  and  the  thickness  of  the  spiral  stripline  conductors.  The 
thickness  of  each  is  the  same  for  both  antennas — nominally  0.060  inch 
for  the  dielectric  and  0  002s  inch  for  the  conductors.  Because  of  these 
two  discrepancies  in  scaling,  both  the  driving -mint  inj-edsnee  charac¬ 
teristics  and  the  2:1  frequency 'Scaling  factor  are  kf  fee ted  somewhat. 
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FIGURE  1 1 1-9  (Concluded) 


This  is  seen  when  comparing  the  12-inch-anteufia  impedance  data  with  the 
24-inch-antenna  impedance  data.  Figure  III-7(a)  shows,  for  example, 
that  the  average  driving-point  impedance  over  the  radiating  frequency 
range  of  the  12-inch  antenna  is  about  137  ohms.  The  radiating  frequency 
range  is  seen  to  begin  at  about  300  MHz  and  to  extend  beyond  the 
1500-MHz  upper-operating-irequency  requirement.  These  values  are  for 
the  case  when  the  12-inch  antenna  was  situated  in  free  space.  Comparable 
values  for  the  24-inch  antenna,  as  seen  from  Figure  III-l(a),  are 
125  ohms  for  the  average  ariving-point  impedance  and  140  MHz  for  the 
lower-radiating-frequency  limit.  The  driving-point  impedances  are  not 
exactly  equal  because  the  important  ratios  of  the  spiral  conductor 
dimensions  (thickness,  width,  and  the  spiral  complementary  spacing)  to 
the  thickness  cf  the  dielectric  circuit  board  supporting  the  antenna 
are  not  maintained  equal  for  the  two  antennas.  For  this  reason  also, 
the  frequency  scaling  is  not  exactly  2:1;  hence,  the  lower  radiating 
frequency  limit  of  the  12-inch  antenna  is  not  exactly  twice  that  of  the 
24-inch  antenna  as  one  might  expect,  since  the  circumferences  of  the 
two  antennas  differ  by  a  factor  of  two. 

The  data  plotted  in  Figures  Ifl-7(b)  and  III-8  are  essentially 
the  same  data  shown  in  Figure  III-7(a)  but  in  different  form.  Figure 
III-7(b)  shows  the  reflection  coefficient  ar.d  VSiVR,  as  functions  of  the 
log  of  frequency,  looking  into  the  feed  terminals  relative  tc  a  200-ohm 
source  impedance.  If  the  antenna  was  driven  by  a  137-ohm  source,  the 
VSWR  would  improve  to  a  maximum  value  of  1.10  over  the  SOO-to-loOO-MHz 
frequency  band.  The  Smith-chart  data  (Figure  1II-8),  which  also  are 
relative  to  200  ohms,  show  large  impedance-curve  loops  occurring  out¬ 
side  the  radiating  frequency  band.  As  discussed  previously  for  the 
24-inch  antenna  Smith-chart  plot,  the  large  loops  are  due  to  the  long 
path  length  that  the  energy  reflected  from  the  outer  ends  of  the  spiral 
must  travel.  As  the  frequency  increases  to  300  MHz,  the  curve  spirals 
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inward  to  a  small  region-  Above  300  NHa  the  points  fall  within  the 
small  circle  centered  at  (0.08  +  jO) . 

The  data  plotted  in  Figure  111-9  show  the  driving-point - 
impedance  characteristics  of  the  12-inch  antenna  when  in  the  presence 
of  various  dielectric  building  materials  that  were  discussed  m  Section 
III-C.  As  for  the  case  of  the  24-inch  antenna,  the  building  materials 
were  brought  against  the  dielectric  support  side  of  the  antenna.  The 
impedance  data  of  Figure  111-9  are  comparable  to  the  impedance  data 
for  the  24-inch  antenna  shown  in  Figure  III-3.  The  differences  between 
the  data  are  the  same  discussed  above:  The  2:1  frequency  scaling  is 
not  exact,  nor  are  the  driving-point  impedances  measured  under  the  same 
conditions  exactly  equal.  As  before,  the  driving-point  impedance  within 
the  radiating  frequency  band  of  the  antenna  fluctuates  with  frequency, 
but  on  the  average  equals  the  value  of  impedance  when  the  antenna  is 
situated  in  free  space  (Figure  III-7).  The  reason  the  presence  cf  the 
dielectric  materials  does  not  affect  the  driving-point  impedance  within 
the  radia ting-frequency  range  of  the  antenna  has  been  previously  dis¬ 
cussed  in  connection  wich  the  24-inch-antenna  data,  and  no  further 
discussion  will  ensue  here.  Let  it  suifice  to  say  that  the  average 
driving-point  impedance  measured  for  the  12-inch  spiral  antenna  within 
the  radiating  frequency  band  is  137  ohms,  and,  as  for  the  case  of  the 
24-inch  antenna,  remains  the  same  for  all  the  conditions  under  which 
the  measurements  were  made. 


IV  DRIVING-POINT  IMPEDANCE  OF  A  SPIRAL  ANTENNA 
FED  BY  A  TWC-WIRE  TRANSMISSION  LINE 


The  purpose  of  this  section  is  to  show  how  the*  driving-point 
impedance  of  a  spiral  antenna  is  affected  by  running  a  t*o~wire  trans¬ 
mission  line  in  close  proximity  to  the  antenna.  The  effect  on  driving- 
point  impedance  due  to  the  presence  of  a  transmission  line  is  of  concern 
because  of  the  low-profile  requirement  on  the  antenna  and  associated 
matching-network  conf iguration.  This  requirement  necessitates  moving 
the  matching  network  (the  compact  balun  discussed  in  Section  V)  from 
the  center  to  the  edge  of  the  antenna  and  connecting  the  two  by  means 
of  a  two-wire  transmission  line. 

The  12-ineh  spiral  antenna  was  used  in  this  investigation.  The 

antenna  was  driven  by  the  200-ohm  Anz  c  balun  (see  Section  II -A)  that 

was  connected  to  the  antenna  by  means  of  t wi a-1 ead-pa ral 1 el -pai r 
* 

transmission  line,  19.3  cm  long.  Tne  transmission  line  first  extended 
perpendicularly  from  the  antenna  feed  terminals  and  then  turned  to  run 
parallel  with  the  copper  printed-circuit  side  of  the  antenna  as  shown  in 
Figure  iV-1.  The  orientation  of  the  transmission  line  was  such  that  the 
plane  containing  its  two  wire  conductors  was  parallel  with  the  plane 
of  the  antenna.  The  transmission  line  was  turned  parallel  with  the 
antenna  in  this  plane,  with  a  small  radius  bend  as  opposed  to  a  sharp 
right-angle  bend.  Driving-point-impedance  measurements  vers  made  for 
various  values  of  d  indicated  in  Figure  IV-1.  The  distance,  d,  in  this 
figure  is  defined  as  the  distance  from  the  spiral  conductors  to  the 
plane  containing  the  wire  centers  for  the  two-wire  transmission  line. 
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FIGURE  IV-T  CROSS-SECTION  VIEW  OF  ANTENNA/TRANSMiSSlON- 
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The  driving-point  impedance  for  the  various  positions  of  the 
transmission  line  was  found  by  measuring  the  c  cm  plea  reflection  co¬ 
efficient  at  the  connection  between  the  balun  and  transmission  line  and 
mathematically  determining  the  impedance  at  the  antenna-feed  terminals. 
To  do  this  it  was  necessary  to  know  the  characteristic  impedance  and 
electrical  length  of  the  transmission  line.  Both  parameters  were 

measured  with  the  network  analyser  (see  Section  XI-A).  The  character- 

* 

istic  impedance  was  found  to  be  159. 2  ohms  and  the  electrical  length 
for  the  19.3-ca  line  was  found  to  be  28  cm.  The  measured  reflection 
data,  normalized  to  the  200-ohm  balun  output  impedance,  was  renormalized 
to  the  characteristic  impedance  of  159.2  ohms.  The  dat3  reference 


The  manufacturer  specified  the  characteristic  impedance  of  the  trans¬ 
mission  line  (Gore  CC5A050)  to  he  150  ohms. 


50 


plane  at  the  connection  between  the  balun  and  transmission  line  was 
shifted  2S  cm  along  the  electrical  length  of  the  transmission  line  to 
the  antenna-feed  terminals.  *Sith  this  plane  used  as  the  reference,  the 
driving-point  ii.pedance  of  the  antenna  was  then  determined  from  the 
renormalized  reflection  coefficient  data.  The  assumption  was  made  that 
the  transmission-line  losses  were  negligible. 

The  real  and  imaginary  parts  of  driving-point  impedance  over  the 
frequency  range  from  100  to  1500  KHz  are  plotted  in  Figure  IV-2  for 
various  values  of  distance,  d,  defined  in  Figure  IV— 1.  The  figure 
shows  that  when  the  transmission  lice  is  close  to  the  antenna,  there  is 

significant  fluctuation  of  driving-point  impedance  with  frequency  in 

* 

the  radiating  band  of  the  antenna.  'tfhen  the  transmission  line  is 
perpendicular  to  the  antenna  [Figure  IV-2 (a)} ,  impedance  variations 
over  the  radiating  frequency  band  are  minor,  since  this  configuration 
minimizes  the  interactions  between  the  fields  from  the  anterna  and 
transmission  line.  This  impedance  variation  with  frequency  is  veri¬ 
similar  to  the  case  in  which  the  antenna  is  driven  directly  by  the  balun, 
as  shown  in  Figure  III-~(a).  The  differences  that  do  exist  may  be 
attributed  in  part  to  the  fact  that  the  transmission  line  is  not  per¬ 
fectly  lossless  and  in  part  to  the  inevitable  mismatches  that  occur  at 
the  connection  between  the  balun  and  transmission  line  and  between  the 
transmission  line  and  antenna.  When  the  transmission  line  is  brought 
to  within  about  2  inches  of  the  antenna,  driving-point-impedance  fluc¬ 
tuations  appear  over  the  radiating  frequency  band  as  shown  in  Figure 
IV-2(b).  As  the  transmission  line  is  brought  closer  to  the  antenna 


The  radiating  frequency  band  of  the  12-inch  antenna  begins  at  300  SKz 
and  extends  brvond  1500  KHz  as  discussed  in  Section  III-D-3. 


FIGURE  IV-2  {Continued! 
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[Figure?  IV-2(c)  through  (e)}  the  fluctuations  btroce  greater  and  are 
greatest  when  the  transmission  line  touches  the  antenna  [Figure  I V-2 ( f ) }  _ 

The  saxiuun  ¥S3H  within  the  radiating-frcquency  range  “f  the 
antenna  as  seen  at  the  antenna-feed  terminals  increases  as  the  trans¬ 
mission  line  soves  closer  to  the  antenna.  This  parameter .  relative  to 
the  average  12- inch-antenna  driving-point  impedance  of  137  ones  (see 
Section  II I-B-3) ,  is  shown  in  Table  1V-I  for  the  sane  traatar.ission--l ine 
positions,  d .  represented  in  Figure  IY-2.  It  is  seen  from  the  table 
that  the  nanism  YSTR  for  the  case  when  the  transmission  line  touches 
the  antenna  is  twice  the  Jrarinsi  VSSH  resulting  when  the  transmission 
line  is  perpendicular  to  the  antenna.  The  val«-es  oi  jssximsn  VSt®  in 
Table  2V-1.  however,  are  determined  not  only  by  the  transmission-line 
and  antenna  field  interactions,  hut  by  the  mismatches  that  occur  at  the 
transmission-line  connections  to  the  talus  and  to  the  antenna.  This  is 
seen  when  comparing  the  max  issue  YSTO  for  the  case  shea  the  transmission 
line  is  perpendicular  to  the  antenna  with  the  case  when  the  antenna, 
situated  in  free  space,  is  driven  directly  by  the  talus.  In  the  latter 
case  the  maxima  V5*R  is  1. 10,  cs  was  indicated  in  Section  II I -0-3. 
Comparing  this  value  wit a  the  values  in  Table  IY-1  gives  one  a  somewhat 
quantitative  measure  of  the  adverse  effect  of  running  a  transmission 
line,  as  sbosa  in  Figure  IY-1 .  close  to  the  antenna.  However,  this 
effect  is  seen  aora  clearly  when  qualitatively  comparing  Figure  III -7 
with  Figure  IY-2. 

One  additional  measurement  was  nade  to  determine  whether  the  trans¬ 
mission-line  fields  interacting  with  the  antenna  or  the  antenna  fields 
interacting  with  the  transmission  line  caused  the  most  antenna  driving- 
point-  impedance  degradation.  The  driving-point  impedance  of  the  12- 
inch  antenna  was  measured  with  the  transmssion-line  feed  perpendicular 
to  the  antenna  [as  in  Figure  IV— 2(a}'»,  but  with  a  dsasrr  transmission 
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line.  5  inches  las;,  fast  coed  to  the  copper  printed-csrcait  side  of  the 
as  tea  aa-  The  •’tacm-  traasei  ssios  i  ioe  rs  front  the  tester  to  the  end 
of  the  antenna  and  135  oriented  so  that  the  plane  e-cciaining  tbs  two 
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fl'-ctcatioas  vi thin  the  radiating  frejaescy  band 


of  the  antenna  cccsrred  with  the  sane  order  of  sagnitade  as  the  flnc- 
ts2tioa>  that  cccnrrec  for  she  rase  aben  the  trsasdssioa-liae  feed  was 
mssdiisg  tie  an  ter  no  'Fignre  IT-iif)'  -  Hence,  it  appears  that  the 
fields  fro®  the  an  tears  reflected  br  the  transmission  line  bach  to  the 
antenna  canse  the  xsosi  significant  degradation  ©f  the  antenna  drivisg- 
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tnations  within  the  radiating  fnesjaestv  band  occur  *hen  the  antenna  is 


fed  asisg  a  tao-wire  transmission  line  and 


this  transmission  line 


is  tlo-e  to  tie  antenna-  Sach  f2 actuations .  of  coarse-  give  rise  to 
higher  75*5ts  at  the  antenna-feed  terminals  relative  to  the  average 
driving-point  impedance  of  the  antenna-  To  maintain  a  law  profile 
ahen  tne  antenna  is  connected  to  its  matching  setaorh  Ccaapsct  balms). 


is  necessarr  to  n 


the  t  ran  scission  line  that  connects  the  antenna 


to  the  Batching  oetvori.  close  to  the  antenna.  Thas.  a  trade-off 
exists  between  the  low-profile  and  lcw~T5*S  reqst  resents.  In  essence, 
the  distance  tie  transmission  line  is  fcept  frees  ti-e  interna  is  determined 


br  the  acceptable  T^SS  level  at  the  center  terminals  of  the  antenna. 
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V  DESIGN  OF  THE  COMPACT  BALUN 

A-  Theory 

There  were  two  principal  objectives  to  be  set  by  the  cal ur.  designed 
at  SRI.  The  first  was  to  provide  a  thin  package  consistent  with  the 
size  of  the  SvA  (OSc)  coaxial  connector.  The  second  objective  was  to 
provide  an  isperiance  transformation  from  132  ohns  balanced  to  50  ohns 
unbalanced,  rather  than  200  to  50  ohns.  (The  132— ohs  figure  is  the 
average  of  ' he  measured  driving-point  impedances  for  the  12-  and  2-5- 
isch  spiral  antennas  over  their  respective  radiating  frequency  bands, 
as  was  shown  in  Section  III  —EL )  How  these  objectives  were  net  will  be 
explained  in  this  secticn. 

Consider  first  the  electrical  design  of  the  balun-  The  equivalent 
circuit  of  the  balun  is  shown  in  I  .gore  V-l.  There  are  essentially  two 
parts  to  this  balun,  a  1:1  balun  and  an  auto transformer.  The  pair  of 

< - o-l  '  >q - , 


■if  Vm  >\'i  *  *u  u  MAVV 


equal-length,  equal -impedance  transmission  lines  on  the  right  in 

Figure  V-i  form  a  balun  >vitli  a  4:1  impedance  transformation.  The 

resulting  input  impedance,  Z  =  132/4  =  33  ohms,  is  then  transformed 

in, 2 

up  to  near  50  ohms  by  the  autotransformer  on  the  left  in  Figure  V-l. 

The  operation  of  the  4:1  balun  portion  will  be  discussed  first.  The 

balanced  load  R  should  be  excited  so  that  at  any  instant  in  time  one 
Ij 

terminal  is  as  far  above  ground  potential  as  the  other  one  is  bel.ow 

ground  potential.  Thus,  a  ground-potential  point  exists  at  the  middle 

of  the  load,  and  the  effective  resistance  from  each  load  terminal  to 

ground  is  R  /2.  When  the  balanced  load  is  properly  excited,  therefore, 

L 

each  of  the  two  transmission  lines  is  terminated  by  a  resistance  R  / 2. 

L* 

Choosing  the  characteristic  impedance  of  each  transmission  line  to  be 

Z  =  R  /2,  a  condition  of  impedance  match  exists.  Looking  into  the 
0  L 

left-hand  end  of  each  transmission  line,  a  pure  resistance  R  /2  is  also 

Xj 

seen  at  all  frequencies.  Connecting  the  left-hand  ends  of  the  trans¬ 
mission  lines  in  parallel  gives  a  net  input  resistance  of  R  / 4 . 

Li 

The  discussion  to  this  point  has  implicitly  assumed  that  each 
transmission  line  supports  only  the  desired  TEM  mode,  with  equal  but 
opposite  currents  flowing  in  its  two  conductors.  That  is,  it  has  been 
assumed  that  each  transmission  line  existed  in  free  space  with  no  other 
conductors  near  it.  As  the  balun  is  constructed,  of  course,  a  ground 
plane  exists  near  the  transmission  lines.  Each  transmission  line  can 
thus  support  a  second  TEM  mode  in  which  the  currents  in  the  two  wire 
conductors  are  equal  and  in  The  same  direction,  with  the  return  current 
flowing  on  the  giound  plane,  in  this  mode,  the  two-wire  transmission 
line  is  equivalent  to  a  single,  larger-diameter  wire  over  ground.  This 
undesired  mode  can  be  suppressed  by  threading  several  toroidal  beads 
of  ferrite  along  the  length  of  the  transmission  line,  with  both  wire 
conductors  passing  through  the  hole  of  each  toroid.  With  the  undesired- 
mode  current  passing  through  the  bead  centers,  and  the  r •"..m  current 
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flowing  outside  the  beads,  the  undesired  mode  couples  strongly  to  the 
ferrite  material.  At  sufficiently  low  frequencies  such  that  the  ferrite 
has  high  permeability,  the  characteristic  impedance  for  the  undesired 
piode  is  raised.  When  this  impedance  is  made  much  higher  than  other 
circuit  impedances,  very  little  power  is  coupled  into  the  undesired 
mode.  At  higher  frequencies  where  the  permeability  of  the  ferrite 
decreases,  the  ferrite  becomes  very  lossy  and  introduces  high  resistance 
in  series  with  the  undesi red-mode  current.  This  net  only  dissipates 
any  energy  existing  in  the  undesired  mode,  but  also  reduces  the  amount 
of  energy  converted  to  the  undesired  mode. 

Returning  to  discussion  of  the  balun  equivalent  circuit,  note  that 
the  upper  transmission  line  in  Figure  V-l  has  the  same  wire  grounded  at 
both  ends  of  the  line.  If  geometrical  symmetry  of  the  line  is  maintained, 
here  will  not  be  any  tendency  for  energy  to  couple  from  the  desired 
two-wire-line  mode  to  the  undesired  mode.  On  the  other  hand,  the  lower 
transmission  line  in  Figure  V-l  has  one  wire  grounded  at  the  left,  and 
the  other  wire  grounded  at  the  right.  This  will  produce  strong  coupling 
of  energy  from  the  desired  mode  to  the  undesired  mode.  For  proper 
operation  of  the  balun  it  is  essential  that  the  lower  transmission  line 
be  surrounded  by  ferrite  in  order  to  suppress  the  undesired  mode. 

Note  that  even  with  the  transmission  line  threaded  through  the 
ferrite  beads,  the  desired  two-wire-line  mode  is  not  affected  much  by 
the  ferrite.  This  is  because  the  magnetization  of  the  errite  that 
would  be  caused  by  the  current  in  one  wire  is  canceled  by  the  opposite 
current  in  the  other  wire.  In  order  that  the  slight,  effect  of  the 
ferrite  on  the  desired  mode  be  equal  for  each  transmission  line,  ferrite 
is  used  around  both  transmission  lines.  This  preserves  equal  charac¬ 
teristic  impedance,  electrical  length,  and  loss  for  the  two  transmission 
lines. 
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The  above  discussion  suggested  using  several  ferrite  toroids  along 
the  length  of  the  two-wire  line  to  suppress  an  undesired  mode.  The 
same  performance  can  be  obtained  by  winding  each  two-wire  line  several 
turns  through  a  single  ferrite  toroid,  as  shown  in  Figure  V-2.  The 
equivalence  between  the  two  geometries  holds  as  long  as  the  RF  signal 
current  is  small  enough  that  tne  ferrite  is  not  saturated'.  The  single- 
tcroid,  multiple- turn  approach  was  used  here  for  compactness.  The 
result  resembles  a  bif ilar-wound  transformer  more  than  a  transmission 
line,  and  indeed  the  electrical  performance  can  also  be  explained  using 
transformer  theory. 

The  other  portion  of  the  compact  balun,  the  autotransformer,  will 
now  be  discussed.  To  step  up  the  C2-ohm  impedance  of  the  4:1  balun  to 
50  ohms,  the  transformer  should  have  a  turns  ratio  of  J 50/32  =  1.25  = 
5/4.  This  is  a  particularly  fortunate  requirement  for  turns  ratio.  It 
has  been  found  by  experience  that  autotransformers  with  turns  ratios  of 
the  form  (n  +  l)/n  can  be  constructed  to  be  very  broadband.  In  fact 
they  can  be  built  having  no  inherent  frequency-limiting  elements  such 
as  inductors,  capacitances,  or  transmission-line  stubs.  This  is  not 
the  case  for  arbitrary  choice  of  turns  ratio.  The  practical  frequency 
limitations  are  set  by  the  properties  of  the  ferrite  core  on  which  the 
autotransformer  is  wound.  The  high-frequency  limit  is  set  by  increases 
in  coie  dissipation  loss.  The  low-frequency  limit  is  set  by  the 
inductive  reactance  of  the  windings.  The  windings  appear  as  a  short 
circuit  at  zero  frequency.  The  higher  the  core  permeability,  the  lower 
in  frequency  will  be  the  lower  edge  of  the  operating  band.  A  large 
number  of  turns  also  helps,  within  limits,  but  is  inconsistent  with 
other  requirements. 

The  auto transformer  could  be  wound  on  its  own  ferrite  toroidal 
core.  It  was,  however,  wound  on  the  same  toroid  as  was  the  lower 
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transmission  line  in  Figure  V-l.  This  resulted  *n  lower  overall  dissi¬ 
pation  loss  than  if  separate  cores  had  been  used,  and  also  resulted  in 
a  more  compact  device.  That  a  core  can  be  shared  for  two  portions  of 
the  balun  can  be  explained  qualitatively  as  follows.  Note  that  from  the 
tap  on  the  auto  transformer  to  ground  there  is  a  \'oItage  drop  V.  This 
same  voltage  drop  also  exists  between  the  left-  and  right-hand  ends  cf 
the  lower  transmission  line  in  Figure  V-l.  If,  then,  the  transmission 
line  is  wound  through  the  core  n  times,  the  lower  n  turns  of  the  autc- 
transformer  can  be  wound  on  the  core  in  the  same  direction. 


In  constructing  the  autotransfomer,  the  impedance  between  suc¬ 
cessive  turns  should,  in  theory,  be  varied  in  a  controlled  manner.  In 
practice  it  is  adequate  to  make  the  top  turn  relatively  low  impedance 
and  the  remaining  turns  high  impedance.  This  is  accomplished  by  using 
a  wide  strip  as  the  first  (top)  tun,  and  fine  wire  for  the  remaining 
turns.  The  fine  wires  are  wound  on  the  core  first,  and  the  wide  strip 
is  wound  on  top  of  the  wires.  The  tap  of  the  autotransfomer  is  a 
metal  island  on  the  printed  circuit  board  that  also  supplies  the  othei 
connection  points  of  the  balun.  Only  the  strip  making  up  the  top  turn 
is  visible  in  the  photograph  of  Figure  V-2. 


One  other  important  element  in  Figure  V-l  is  the  resistance 

representing  the  dissipation  loss  of  the  autotransfomer  core.  To  a 

good  approximation,  the  value  of  this  resistance  can  be  calculated  as 

a  constant  times  the  square  of  the  number  of  turns.  For  the  ferrite 

cores  used,  this  constant  is  10  ohms  per  turn  squared,  giving  R  = 

loss 

250  onms  for  five  turns-  If  separate  ferrite  cores  were  used  for  the 
autotransformer  and  for  the  transmission  line,  a  second  loss  resistance 


would  also  be  introduced  into  the  equivalent  circuit. 
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however,  the  o:4  turns  ratio  does  not  necessarily  give  the  best  input 
VSKR.  Looking  into  the  balun,  the  50-ohm  generator  sees  the  parallel 
conbination  of  the  transformed  load  impedance  and  the  loss  resistance. 
The  results  of  using  various  turns  ratios,  limited  to  the  desired 
(n  ~  l):n  relationship,  are  summarized  in  Table  V-l.  It  is  seen  that 
with  a  loss  constant  of  10  ohms  per  turn  squared,  the  choice  of  turns 
ratio  does  not  greatly  influence  the  parallel  combination.  Turns  ratios 
of  7:6,  6:5,  and  5:4  were  tried,  with  the  latter  ratio  giving  the  best 
measured  performance  over  the  100-to-1500-MHz  band.  Less  dissipation 
loss  could  be  obtained  by  using  larger  toroids,  but  at  the  expense  of 
increasing  the  balun  size. 

Table  V-l 

COMPARISON  OF  TURNS  RATIOS 


Turns 

Ratio 

Transformed 
32-Ohm  Impedance 
(ohms) 

Loss 

Resistance 

(ohms) 

Parallel 

Combination 

(ohms) 

3:2 

72 

90 

40 

4:3 

57 

160 

42 

5-4 

50 

250 

42 

6:5 

46 

360 

41 

7:6 

44 

490 

40 

In  order  to  achieve  the  desired  flat  form  factor  *or  the  compact 
balun,  the  balun  was  constructed  on  a  planar  printed  circuit  board,  a 
shown  in  Figure  V-2.  On  the  circuit  board  are  metal  islands  for 
soldering  the  ’various  balun  connections,  and  that  also  provide  some 


empirically  determined  capacitances.  The  circuit  board  is  3/16-inch 
Duroid  5880  manufactured  by  Rogers  Corporation,  Rogers,  Conn.  The 
circuit  board  is  mounted  over  a  brass  ground  plane,  whi«.h  is  integral 
with  the  mounting  surface  for  the  SMA  (model  OSSJ  2-34-2)  coaxial  connector. 
The  total  balun  thickness  is  such  that  the  coupling  nut  that  screws 
ontc  the  connector  just  has  clearance  to  turn.  The  balun  could  be  made 
as  thin  as  1/8  inch  if  no  coaxial  connector  was  used,  but  a  miniature 
coaxial  cable  was  permanently  attached  to  the  balun. 

C.  Keasured  Characteristics 

In  this  subsection  measured  data  will  be  presented  for  the  t »t> 
compact  baluns  terminated  by  the  132— ohm  resistive  load  shown  in 
Figure  I I -2.  A  comparison  will  also  be  made  with  calculated  input 
impedance  based  on  the  equivalent  circuit  of  Figure  V-l.  The  charac¬ 
teristics  of  the  combination  of  the  baluns  and  the  spiral  antennas  are 
presented  in  Section  IT. 

The  measured  input  impedances  are  shown  as  functions  of  frequency 
in  the  Smith  chart  plots  of  Figure  V-3 ,  and  the  real-  and  imaginary-part 
plots  of  Figure  V — I.  Even  though  the  input  impedance  of  the  balun 
varies  with  frequency,  the  VSSB  is  fairly  constant  and  reasonably  low 
at  about  1.3.  The  resistance  minimum  is  determined  by  the  core  loss, 
as  discussed  in  connection  with  Table  V-l  above.  The  impedance  loci 
swing  around  tin:  Smith  chart  mainly  because  the  transmission  lines  in 
the  4:1  balun  portion  do  rot  have  the  correct  impedance  of  65  ohms. 

That  the  observed  input-impedance  characteristics  can  be  explained 

fairly  well  on  the  basis  of  the  core  loss  and  the  incorrect  line 

impedance,  is  confirmed  by  the  calculated  points  shown  in  Figure  V— 4. 

These  points  were  obtained  for  the  equivalent  circuit  of  Figure  V-l, 

using  core-loss  resistance  3  =  250  o ferns,  an  auto transformer  turns 

loss 
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FIGURE  v-i  REAL  A5D  I  WAG!  MARY  FARTS  OF  lWLfT  iWEQANCE  CF  THE  COWS5 ACT 
3ALUHS  TSRM1XA7ED  IH  A  MATCHED  132-ctea  LOAD 

ratio  of  5:-*.  lice  impedances  Z  =  S3  ohms.  and  lice  Tenths  of  half 

o 

wavelength  at  12-10  XHz.  The  calculations  did  sot  tabe  the  following 
into  account:  the  variations,  vith  frequescy.  of  the  ferrite  toroid 
permeability  and  loss;  the  fact  that  the  astotransforser  departed  frees 
ideal;  the  fact  that  the  ferrite  toroids  did  not  completely  suppress 
she  uodesired  node  between  each  transmission  line  and  pcasd:  and  the 
snail  coupling  between  the  too  transmission  lines.  Even  so.  the  cal¬ 


culated  points  agree  re-  -sell  vrith  the  measured  curves. 
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General 


Tse  isped2sce  looking  into  the  unbalanced  port  of  *  foe  compact  hslitas 
{Section  Yj  wa s  nes  aired  for  two  aalta/aatpaia  con  figurations,  one  ritls 


the  12-irci  and  one  with  '.he  2-i-inch  ant 


Free  space  was  cnosea  as 


tbe  representative  cart  rctaeat  under  shich  the  measurements  were  obtained. 
Ibis  was  because  tbe  various  building  materials,  described  in  Section 
III-C.  had  little  effect  id  the  dri ring-point  iracsascc  of  cither 


antenna  when  placed  against  then,  for  the 


an  discussed  in  Section 


I12-D-  The  two  ensspas  i  hsitsss  were  designed,  as  specified  for  the 
sponsor,  to  natch  tie  average  driving-point  impedance  of  each  antenna 
to  a  5©-©hm- system  mpedarefi-  Ai  though  practically  identical  {both 
physically  and  elect  n  call  y) .  these  balms  acre  arbitrarily  labeled  A 
and  S  {as  indicate'  on  Figures  Y— 3  asi  Y— I)  and  were  consistently  used 
with  the  sane  art  man  throughout  the  measurements  of  the  balas/aatcsna 
configurations.  Ss’in  A  was  used  is  ecu  jruset  ion  with  the  12-inch 


antenna 


Sal as  £  was  used  in  conjunction  with  tbe  2-l-inch  antenna. 


In  both  ©f  the  balaa/ antenna  configurations  the  bales  was  connected 
to  its  spiral  antenna  by  means  of  a  twin— lead  iraasuissioa  line  of 
length  epsai  to  approximately  the  rails**  ©I  the  antenna.  Tbe  measured 
characteristic  impedance  of  the  transmission  line  was  132  ohms,  which 


is  the 


sd-nsrt - ispriasce  of  Use  ball 


Gore  COSiW); 
ohms. 


setures — s 


if  led  char 


1c  impedance  is  325 


Several  hal  us/ as  teesa  wsfijuratioas  ire  possible,  bat  their  choice 


depeds  priaarilr  on  tva  factors — systea  sensitivity.  the  balna/ 

antenna-conf iga ratios  profile.  These  crafipsratioss.  iacladinp  the  is© 
configurations  c  ho  sea  for  sssureaesi.  are  di  seas  see  is  the  follosisj 
subsection.  To  reprove  the  balsa/ antenna  configsraiioo  ispedasce  sates 
to  the  50-o5a  system  impedance  ai  freqsencies  be  Ion*"  the  radiating 
frc^Esescr  band  (see  Section  I II  —A) .  the  osier  cads  of  the  art  eras  s  were 
terminated  with  a  cosbitsstios  last’s:  assn  ditinbaied  load.  These 
tcraiaaiisss  are  alscasses  ia  Subsection  Tl-C.  Finally.  the  resells  of 
the  impeda-**-©  measaresaeats  for  the  ia©  balsa/aateana  configurations 
S3  lusted  ia  free  space  are  discussed  ia  Subsection  Tl-5>. 

S.  Salns/ltatesna  Cent  ipsml  leas 

The  haltsa  any  be  ^aacted  directly  to  the  tester  of  the  astessa. 
or  it  may  be  cocaecied  reset  el  y  hr  use  of  a  balanced  *  ransnisslon  lice, 
tfb-ss  connected  directly  to  the  ante— ra.  the  balsas  nay  be  rxaaied  length¬ 
wise  either  psrpendicalsr  or  parallel  to  the  antes©©.  hhea  ire  balsa 
is  operated  perpesdicsl arT  its  bal arced— port  nicrostrip  transmission  line 
{see  Figure  V-2S  can  be  extended  hr  a cans  of  pias  that  would  play 
directly  *at©  the  sut->— a.  The  length  cf  the  ha  Iso  £2  inches?-  boweser- 
would  preclude  a  low— profile  configuration  ia  this  case-  ’SSseu  the  balun 
is  sassunted  parallel  to  Use  antema.  a  low  ©-©file  is  achieved,  brat  an 
increase  ::  TS3S  at  the  center  terminals  of  the  antenna  weald  resalt 
doe  to  radiating—  field  reflcrUsns  fit©  the  reiatj-rely  large  metal 
sarfsce  of  ue  balsa  close  to  tic  av.tyr.--r.  The  act  effect  of  this 
increase  ia  TS^S  is  loss  of  system  sensitivity,  because  core  of  the 


Susa*  to  0.435  inch  ci real t— board  thichaess,  O.o©  tsch.  pros 

hia  chic toes^ .  O.JJ5  inch!. 
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interaction  between  the  radiating  fields  and  the  transmission  line,  with 
a  resulting  loss  in  system  sensitivity.  As  will  be  seen  subsequently, 
however,  this  loss  in  system  sensitivity  amounts  to  only  about  0.5  dB 
more  than  for  the  case  when  the  transmission  line  extends  perpendicularly 
from  the  antenna. 

The  two  configurations  used  for  the  impedance  and  reflection 
measurements  discussed  in  this  section  were  the  ones  incorporating  the 
remote  balun  arrangement.  The  twin-lead  transmission  line  was  connected 
directly  to  the  bc.lun  balanced-port-microstrip  conductors  at  one  end 
and  to  the  r.on-conductor  side  of  the  antenna  at  the  other  end.  In  the 
first  configuration  the  transmission  line  extended  perpendicularly  from 
the  center  of  the  antenna.  Its  length,  as  previously  indicated, 
approximately  equaled  the  radius  of  the  antenna  used  in  the  configura¬ 
tion.  The  purpose  of  the  measurements  for  t.  .s  configuration  is  to 
show  how  well  the  balun  marches  the  specified  50-ohm  system  impedance 
to  the  antenna-driving-point  impedance  over  the  radiating  frequency 
band.  Eecause  the  antennas  were  appropriately  terminated,  improvement 
in  the  antenna  match  at  frequencies  below  the  radiating  frequent/  band 
was  expected.  A  second  purpose  of  these  measurements  is  to  o  „rve 
this  improvement.  For  the  first  configuration  both  the  balun  and 
transmission  line  influence  the  driving-point  impedance  of  the  antenna 
very  little.  In  the  second  configuration  the  balun  was  attached  to  the 
outer  metal  ring  of  the  antenna.  The  transmission  line  ran  parallel 
to  the  antenna  and  was  separated  from  the  metal  spiral  conductors  by 
the  dielectric  circuit  board.  This  corresponds  to  a  distance,  d,  of 
0.078  inch  in  Figure  IV-1.  The  arrangement  of  the  second  configuration 
is  shown  in  Figure  VI -1.  The  purpose  of  the  measurements  for  this  con¬ 
figuration  was  to  show  the  overall  effect  on  the  impedance  of  the  balun/ 
antenna  configuration  as  well  as  the  effect  on  system  sensitivity  when 
the  transmission  line  is  close  to  the  antenna.  It  is  this  configuration 
that  achieves  the  lowest  profile. 
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C.  Termination  for  the  Antenna  Outer  Ends 

Terminating  networks  were  placed  at  the  outer  ends  of  the  antenna 

spiral  conductors  in  order  to  improve  the  input  VS’iVR  for  frequencies 

below  the  radiation  band.  At  these  frequencies,  current  reaches  the 

spiral  ends,  is  reflected  from  the  ends,  and  emerges  again  from  the 

drive  terminals  at  the  antenna  center.  This  produces  high  input  VSWR 

* 

if  the  outer  ends  are  not  terminated  properly.  Data  were  measured  on 
a  previous  contract*  to  determine  what  type  of  terminating  network 
should  be  used  between  the  spiral  outer  ends  and  the  metal  ring  that 
exists  around  the  periphery  of  the  circuit  board  on  which  each  antenna 
is  printed.  It  was  concluded  that  lumped-element  terminations  could  be 
used  to  reduce  the  reflection  at  frequencies  well  below  the  radiation 
cutoff  frequency.  However,  at  and  just  below  rar.iation  cutoff,  dis¬ 
tributed  loss  is  required  in  order  to  damp  out  a  resonance  that  is 
related  to  the  path  length  around  the  metal-ring  circumference,  and  is 
discussed  in  Section  III-B  of  Ref.  1.  Each  termination  finally  used  on 
the  spiral  outer  ends  consists  of  a  combination  of  a  lumped  resistor 
and  distributed-resistance  cloth  material. 

In  tracing  the  development  of  the  final  terminations,  the  use  of 
lumped  R-L-C  networks  without  distributed  loss  will  first  be  discussed. 

The  impedance  measured  at  the  outer  spiral  ends  is  shown  in  Figures  5 
and  C  of  Ref.  1  for  the  12-  and  24-inch  antennas,  respectively.  Averaging 
out  the  ripples  in  the  curves  in  those  figures,  it  is  found  that  the 

* 

Within  the  radiation  frequency  band,  on  the  other  hand,  most  of  the 
power  is  radiated  and  very  little  current  reaches  the  spiral  ends. 

The  terminations  on  the  spiral  end  then  have  negligible  effect  on  the 
input  VSWR. 

+ 

These  ripples  are  not  a  property  of  the  antenna,  but  are  a  result  of 
the  conditions  under  which  the  measurements  were  made.  See  Ref.  1, 
p.  50,  for  a  discussion  of  this  subject. 
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outer-end  impedance  can  be  represented  at  low  frequencies  as  a  180-ohro 
resistor  in  series  with  an  inductor.  This  representation  is  valid  up 
to  about  200  MHz  for  the  12-inch  antenna,  and  up  to  abouc  100  MHz  for 
the  24-inch  antenna.  At  higher  frequencies,  a  transmission-line  stub 
must  be  used  in  the  equivalent  circuit  instead  of  a  lumped  inductor. 
Considering,  for  now,  only  the  lower  frequencies,  the  equivalent  series 
inductances  are  160  and  320  nH  for  the  12-  and  24-inch  antennas,  respec¬ 
tively.  The  design  of  impedance-matching  networks  for  series  R-L  loads 

9 

is  discussed  by  Matthaei,  Young,  and  Jones.  Using  their  procedure, 

networks  of  varying  degrees  of  complexities  were  designed  to  terminate 

the  12-inch-antenna  ends  with  minimum  reflection  up  to  200  .MHz.  These 

+ 

networks  and  their  calculated  performances  are  shown  in  Figure  VI-2. 

This  figure  shows  that  the  n  =  3  and  n  =  4  networks  reduce  the  reflec¬ 
tion  by  a  factor  of  between  2  and  4.5  as  compared  to  a  simple  resistor 

t 

(n  =  1)  for  frequencies  below  200  MHz.  As  is  typical  of  impedance¬ 
matching  networks,  going  from  n  =3  to  n  =  4  gives  only  slight  improve¬ 
ment  in  performance. 


* 

As  is  discussec-  in  Section  III-B  of  Ref.  1,  the  equivalent  tx-ansmiss ion¬ 
line  stub,  or  the  series  inductance,  is  due  to  the  length  ai-ound  the 
circumference  •>!  the  metal  ring  at  the  edge  of  the  antenna.  Each 
matching  network  is  to  have  one  terminal  connected  to  an  end  of  the 
spiral,  and  the  other  terminal  connected  to  the  metal  ring.  The 
resistive  component  is  the  antenna  x'adiation  resistance. 

+ 

A  separate  network  is  required  at  each  of  the  two  spix-al  ends  of  the 
antenna.  Since  the  spiral  is  driven  in  a  mode  balanced  with  respect 
to  ground  (equal  but  opposite  currents),  half  of  the  180-ohm  and  160- 
nH  values  mentioned  before  can  be  associated  with  each  spix-al  end. 

Thus  the  90-ohm  and  80-nH  values  appearing  on  Figure  VT-2. 

t 

The  value  of  n  refers  to  the  number  of  reactive  elements,  including 
that  in  the  load  to  be  matched.  This  follows  the  notation  of  Ref.  9. 
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The  scheiaati.es  on  Figure  VI -2  are  drawn  as  if  a  generator  at  each 

spiral  outer  end  were  driving  the  antenna.  (Indeed,  this  was  the  way 

the  networks  were  designed.)  In  actual  use,  however,  the  generator 

resistance  shown  is  to  absorb  power  from  the  spiral  .onductor  when  the 

antenna  is  excited  from  its  center.  The  networks  will  still  perform 

properl}  when  driven  this  way.  It  is  ?.  fundamental  property  of  reci- 
* 

procal,  lossless  networks  that  the  reflection-coefficient  magnitude  is 
the  same  when  the  network  is  driven  from  either  end.  If  the  voltage  of 
the  generator  shown  in  Figure  VI-2  were  set  to  zero,  and  another 
generator  inserted  in  series  with  the  90-ohm  resistor,  the  reflection 
coefficient  then  calculated  looking  toward  the  left  from  the  junction 
of  the  90-ohm  resistor  and  the  80-nH  inductor  would  be  the  same  as 
plotted  in  Figure  Vl-2. 

Figure  VI -2  applies  to  the  12-inch-diaaeter  spiral.  The  2-J-inch 
spiral  is  essentially  a  2:1  scaled-up  version  of  the  smaller  antenna. 
Thus,  Figure  VI -2  can  be  applied  to  the  2-1-inch  antenna  by  multiplying 
all  inductances  and  capacitances  by  2,  and  dividing  the  number  along 
the  frequency  axis  by  2.  The  reflection  and  VSIYR  scales  and  the  curves 
remain  unchanged. 

A  pair  of  the  n  =  -1  networks  were  built  for  the  12-inch  antenna. 
The  resistors  were  110-ohm,  l/-l-watt  carbon,  the  capacitors  were  10- 
and  5-pF  mica,  and  the  inductors  were  7.5  turns  of  AV.'G-30  enamel  wire 
close-wound  on  the  resistor.  These  networks  were  soldered  from  the 
outer  end  of  each  spiral  to  the  metal  ring  around  the  periphery  of  the 
antenna.  The  impedance  measured  at  the  center  drive  points  of  the 
spiral  is  shown  in  Figure  VI -3  (a).  Only  the  frequencies  below  the 

* 

The  only  dissipation  loss  shown  in  Figure  VI-2  is  in  the  load  and 
generator  resistances. 
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In  order  to  damp  out  the  inpedance  fluctuations  near  the  radiation 
cutoff  frequency,  distributed  loss  vras  added  to  the  spiral  outer  ends. 

This  loss  is  in  the  fom  of  a  ring  of  carbon- impregnated  fabric  that 
is  11.25  inches  inside  dianeter  so  as  to  completely  cover  the  last  half 
turn  of  the  gap  between  each  spiral  am  and  the  outer  metal  ring.  The 
lossy  cloth  partially  fills  the  preceding  quarter  turn  of  the  gap  in 
the  form  of  a  smooth  taper.  The  lossy  cloth  is  cemented  to  the  opposite 
side  of  the  circuit  board  from  the  copper  conductors-  The  coupling  to 
the  antenna  is  thus  by  means  of  its  electric  field.  Ohmic  contact  was 
avoided  so  that  the  lunped  networks  could  act  as  the  termination  at 
low  frequencies. 

The  antenna  impedance  measured  after  adding  the  distributed  loss 
is  plotted  in  Figure  11-3(5).  The  distributed  loss  was  very  effective 
in  smoothing  the  inpedance  between  200  and  300  MHz.  Near  100  MHz, 
however,  the  distributed  loss  degraded  the  match  of  the  lunped  network. 
The  distributed  loss  was  left  on  the  antenna  on  the  assumption  that 
good  inpedance  natch  just  below  the  radiation  band  is  more  important 
than  at  lower  frequencies. 

After  the  data  of  Figure  VI-3  were  taken,  the  n  =  1  lumped  networks 
were  replaced  by  simple  110-ohn  resistors.  The  100-MHz  natch  was  only 
slightly  degraded,  so  it  was  not  considered  worthwhile  to  use  the  more 
complex  networks.  The  distributed  loss  by  itself  is  not  as  good  a 
termination  as  the  combination  of  distributed  and  lumped  losses.  It 
was  found  that  the  inpedance  natch  degraded  slightly  at  all  frequencies 
below  300  MHz  if  no  network  was  connected  from  the  spiral  ends  to  the 
outer  metal  ring. 

* 

The  lossy  cloth  has  a  resistance  of  200  ohns  per  square.  It  is  Eccosorb 
SC-200  manufactured  by  Emerson  and  Cunning.  Canton.  Mass. 


Further  improvement  in  the  low-frequency  Hatch  could  be  obtained 
by  measuring  again  the  inpedance  existing  at  the  spiral  outer  ends  nor 
that  the  distributed  loss  has  been  added  to  the  antenna.  A  ner  network 
could  then  be  designed.  Use  of  cloth  with  different  resistivity,  and 
using  slightly  different  geometry  night  also  give  improvements.  The 
tine  schedule  did  not  permit  trying  these  refinements. 

A  parameter  that  ras  not  censured  is  the  antenra  gain.  At  fre¬ 
quencies  just  above  300  JiHz,  the  distributed  loss  probably  reduces  the 
gain  slightly,  because  some  of  the  power  at  these  frequencies  that  would 
otherwise  be  radiated  is  absorbed.  The  inside  diameter  of  the  lossy 
cloth  was  made  as  large  as  possible,  consistent  with  good  danping  of  the 
inpedance  from  200  to  300  SIHz.  At  frequencies  well  above  the  radiation 
cutoff,  the  presence  of  the  lossy  cloth  would  have  no  infxuence  on  the 
antenna  gain  or  pattern. 

D.  Measured  Data  for  the  Baiun/Antenna  Configurations 

The  results  of  the  inpedance  and  reflection  measurements  obtained 
for  the  two  balun/ antenna  configurations  described  in  Section  VI-B  are 
presented  here.  The  purpose  of  these  measurements  is  to  show  the 
overall  inpedance  characteristics,  at  frequencies  fron  100  to  2000  13Hz, 
for  both  the  12-inch  and  the  2-}-inch  spiral  antennas.  The  inprovenent 
in  the  inpedance  natch  between  a  50-ohn  system  and  the  antenna  o\  ir  the 
radiating  frequency  band  is  shown  when  the  conpact  balun  is  us~d  to 
transform  the  driving-point  inpedance  of  the  antenna  to  the  system 
inpedance.  An  improvement  is  also  observed  in  the  inpedance  natch  at 
frequencies  below  the  radiating  frequency  band  due  to  appropriately 
terminating  the  antennas,  as  discussed  in  the  preceding  subsection. 
Finally,  the  effects  on  inpedance  and  system  sensitivity  are  shown  when 
the  balun  is  attached  to  the  outer  netal  ring  of  the  antenna  whore  the 
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transmission  line  connecting  the  antenna  to  the  balun  is  very  close  to 
the  spiral  conductors.  As  mentioned  previously,  this  latter  configuration 
is  the  one  that  gives  the  lowest  profile  characteristic. 

The  impedance  and  reflection  data  for  both  configurations  are  shown 
in  Figures  VI— 1  through  VI -7  for  the  2-l-inch  antenna,  and  Figures  VI-S 
through  VI— 11  for  the  12-inch  antenna.  The  data  are  shown  plotted  as  a 
function  of  the  log  of  frequency  and  are  also  shown  plotted  on  Smith 
charts.  The  reflection  coefficient  (from  which  impedance  is  derived) 
was  measured  at  the  imbalanced  port  of  each  compact  balun.  The  measured 
reflection  data  are  relative  to  the  specified  impedance  of  50  ohms. 

The  Smith-chart  plots  are  shown  normalized  to  this  same  impedance  and 
cover  the  radiating  frequency  band  of  their  respective  antennas.  The 
Smith-chart  plots  for  the  configuration  where  the  transmission  line 
is  close  to  the  spiral  conductors  (Figures  VI -7  ana  VI-11)  are  not 
continuous  plots  but  rather  point  plots.  This  is  because  the  rapid 
fluctuations  of  antenna  .mpedance  with  frequency,  due  to  the  close 
proximity  of  the  transmission  line  to  the  antenna,  cause  numerous  loops 
on  the  Smith  chart.  The  loops  are  so  numerous  that,  over  the  radiating 
frequency  band,  they  overlap  and  coincide  at  various  frequencies, 
making  a  continuous  plot  very  difficult,  if  not  impossible,  to  follow. 
Thus,  for  this  configuration,  a  number  of  impedance  points  at  discrete 
frequencies  are  plotted  to  show  the  impedance  spread  over  the  radiating- 
frequency  range  of  the  antenna  rather  than  a  continuous  curve  over  the 
same  frequency  range. 

As  mentioned  previously,  significant  improvement  occurs  in  the 
impedance  natch  between  a  50-olim  system  and  both  the  2-l-inch  and  the 
12-inch  antenna  when  the  compact  baluns  are  used  to  transform  the 
antenna  driving-point  impedances  to  the  system  impedance.  This  is 
evident  when  comparing  Figures  VI— 1(a)  and  III-l(a)  for  the  2-l-inch 
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FIGURE  VI-5  SMITH-CHART  PLOT  OF  THE  IMPEDANCE  DATA  Or  FIGURE  Vi-4. 
{ Frequency  range:  140-2000  MHz.) 
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FIGURE  VI '7 


SMITH-CHART  PLOT  OF  THE  IMPEDANCE  DATA  OF  FICUP.E  V2-$- 
(Frsqy«>cy  rzngt:  140-2000  MHc} 
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FIGURE  VI-9  SMITH-CHART  PLOT  OF  THE  IMPEDANCE  DATA  OF  FIGURE  VI-8. 
{Frequency  range:  300-2000  MHz.) 
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(CURE  VI-10 


IMPEDANCE  AND  REFLECTION  DATA  AT  THE  UNBALANCED  TERMINAL 
OP  THE  COMPACT  tSALUN  CONNECTED  TO  THE  1?  :nch  SPIRAL  ANTENNA 
BY  MEANS  OF  A  TRANSMISSION  LINE  PARA’.lEL  TO  AND  TOUCHING 
THE  ANTENNA  (<i  0  07S  inch.  Figure  IV- U  The  antenna  situation  and 

'  hne  ivnc  ate  the  same  as  indicated  'or  Figure  Vi-2 
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antenna  and  Figures  VI-S(a)  and  III-7(a)  for  the  12-inch  antenna.  It 
is  seen  iron  these  figures  that  the  average  driving-point  inpedances 
(balanced)  are  brought  down  to  around  an  average  50-ohn  impedance 
(unbalanced)  over  the  radiating  frequency  range  of  the  antennas.  Over 
this  range  the  impedances  do  van  with  frequency  about  the  50-ohn 
impedance  line  (or  the  center  of  the  Snith  charts  shown  in  Figures  VI-5 
and  VI-9).  Comparing  Figures  VI— 1(a)  and  Vl-S(a)  wi th  Figure  V~i.  it 
is  seen  that  these  variations  for  each  antenna  follow  closely  the  impe¬ 
dance  characteristic  of  their  respective  balun  (Baiun  A  with  the  12- 
inch  antenna,  and  Baiun  B  with  the  2-1-inch  antenna).  The  effect  of 
appropriately  terminating  the  antennas  is  also  seen  when  comparing 
Figures  VI— 1(a)  a:.*.  tl-S(a)  with  IU-l(a)  and  Ill-7{a).  Here  it  is 
noted  that  the  impedance  of  both  balun/ antenna  configurations  is  main¬ 
tained  close  to  50  ohns  at  frequencies  below  the  radiating  frequency 
band.  For  the  2-1-inch-antenna  configuration,  a  natch  to  a  50-ohn 
system  with  VS^Hs  less  than  l.-l  is  achieved  at  frequencies  down  to  100 
VHz.  This  is  to  be  compared  to  I -JO  J3iz.  which  is  the  low-f requenev 
1 ini t  of  the  radiating  frequency  band  of  the  21-inch  antenna.  For  the 
12-ir.cn  antenna,  a  natch  with  VSnUs  less  than  1.5  is  achieved  at  fre¬ 
quencies  down  to  175  J2!z.  This  is  compared  to  the  low- frequency, 
radiating-f requenev— band  lisil  of  300  131  z.  If  the  antennas  had  not  been 
terminated-  the  maten  at  frequencies  below  the  radiating-f requenev  band 
of  each  antenna  would  have  been  degsaded  significantly.  In  both  cases. 
VStfRs  on  the  order  of  5:1  would  be  observed  even  after  accounting  for 
the  balun  impedance  trans formal ion. 

Figures  VI -6  and  VI -7  for  the  21-inch  antenna  and  Figures  \T-10 
and  Vi-11  for  the  12-inch  antenna  show  the  effect  on  the  inpedar.ee  of 
the  balun/antenna  configurations  when  the  transmission  lines  connecting 
the  haluns  to  their  respective  antennas  are  brought  in  close  contact 
with  the  antennas.  As  would  be  expected  from  the  results  discussed  in 
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Section  IV,  significant  inpedance  fluctuations  occur  with  frequency. 

The  average  inpedance  characteristic  exhibited  in  this  case  is  essen¬ 
tially  the  sane  as  for  the  case  in  which  the  transmission  line  is  per¬ 
pendicular  to  the  antenna  except  that  the  inpedance  fluctuates  rapidly 
with  frequency  in  a  log-periodic  nanner.  This,  as  explained  in  Section 
IV,  is  because  the  fields  excited  by  the  antenna  interact  with  the 
t ransmission  line.  Over  the  frequency  range  that  includes  the  radiating- 
frequency  band  and  the  frequency  range  in  which  the  antenna  terminal ions 
are  effective  in  preventing  reflections  from  the  outer  ends  of  the 
antenna,  VSfctts  as  high  as  2.3  are  observed  relative  to  50  ohms.  As 
discussed  below,  however,  the  maximum  loss  in  system  sensitivity  of  this 
low-profile  balun-antenna  conf iguraticn  is  small  compared  to  the  per- 
pendicular-transnission-line  configuration,  amounting  to  only  about 
0.7  di>  for  both  antennas. 

The  above  results  are  summarized  quantitatively  in  Table  VI -1  for 
the  21-inch-antenna  configurations  and  Table  VI -2  for  the  12-inch- 
antenna  configurations.  The  peak  VStJR  and  the  system  sensitivity  loss 
caused  by  reflections  are  shown  for  both  the  balun/ antenna  configurations 
and  for  the  antenna  alone,  driven  by  a  hypothetical.  50-ohm.  balanced 
generator  at  the  spiral  center.  Peak  VStTR  was  determined  over  the  fre¬ 
quency  range  for  which  a  reason?,  o? v  good  system-to-antenna  impedance 
match  was  maintained.  For  the  two  balun/ antenna  configurations,  this 
frequency  range  extended  below  the  radiating  band  because  the  antennas 
were  terminated.  System  sensitivity  loss  is  based  on  the  peak  VS5B 
occurring  over  the  radiation  band  of  the  antennas:  it  reflects  only  the 
loss  resulting  from  the  system-to-antenna  mismatch  and  does  not  account 
for  the  loss  (about  0.6  dB)  introduced  by  the  compact  baluns  used  in 
the  balun/antenna  configurations.  The  upper  frequency  limit  for  which 
peak  VSKR  and  system  sensitivity  loss  was  determined  is  500  JSJz  above 
the  specified  operating  frequency  of  the  two  antennas.  From  the  tables 
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IOO  to  2000  33 z  —hen  the  antenna  «as  tcrninated. 
antenna  s-as  not  lerai  stated. 


1-10  to  2000  33! z  irhen  the 


and  tho  previous  cats  presented  in  this  section,  it  is  seen  that  up  to 
frequencies  as  high  as  2000  KHz  both  antennas  still  radiate  and  saintain 
an  acceptable  natch  with  a  50— ota  system. 

It  is  seen  frees  Tables  VI -1  and  VI -2  that  loss  o*  system  sensitivity 
due  to  the  close  proximity  of  the  balun-Co-aniensa  Iraasnissioa  line  to 
the  spiral  conductors  is  not  of  major  significance.  Frees  the  standpoint 
of  system  sensitivity,  then,  it  would  unfee  little  difference  diicb 
balua'antenna  configuration  *a<  used-  A  good  antenna- to- systen  natch  is 
important .  however.  I  *  sspiitase  and  phase  distortions  of  the  signal 
are  to  be  nininized.  Such  distortions  will  degrade  the  information 
content  of  a  signal.  Signal  phase  and  aasliiude  distortions  nay  occur 
because  a  mismatch  between  antenna  and  the  re«t  of  the  system  can  create 
a  signal  mUibmsce  condition.  Also,  if  the  mismatch  CVStS)  varies 
rapidly  with  frequency,  the  phase  and  arplitade  of  a  signal  passing 
through  the  antenna  will  be  varied  with  frequency.  Ealtibanrcc  can 
occur  between  the  antenna  and  objects  close  to  the  antenna  that  reflect 
electromagnetic  energy.  J3al t i baemce  can  also  occur  within  a  coaxial 
cable  connect  ire  the  ba  Inn  to  the  system  if  the  caale  ss  nr-I  an  tested 


properly  at  both  cods.  In  the  litter  case,  if  the  cable  is  relative! 


lossless,  resonances  can  occur  si 


the  cable  length  is  a  multiple  o! 


•Ih  of  the  signal  ft 


-*  is  the 


sail i— 


oounoe  s  :i 


interferes  with  the  incident  si; 


to  cause  si 


iisiortioa.  It  is  noted  that  U»  effects  of  issliibKaef  could  be  scone— 


what  greater 


the  bals 


cc-gf  igurat  ion  ti 


for  the  perpesdicul; 


-t  ran  sot  ss  :oa- 


Frcn  the  peak  Vi  try  -.-allies  given  In  Table#  VI—  1  and  VI— 3  it  is  seen 
that  the  tarimn  reflected  signal  strength  that  can  occur  for  the 
sirailel-trassiitsisss-liae  configuration  is  about  S  dS  down  from  the 
incident  signal  strength,  ami  for  the  perpend icalar-iransn* ssioa-lisse 
configuration,  abc-at  13  cS  down. 
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bat  sigBS]  iisiornoa  is  lore  apt  lt>  occur  vith  the  fora;r  configuration 
because  of  ite  rapid  change  of  VS3 S  sith  iresjsi-cscv  at  ih?  •mhslanced 
port  of  its  hiiai  tssc  Fisure>  tl— 5{b)  asd  !l-:a(b)). 

la  conclusion .  it  *s  soon  frwn  the  data  preaesiou  *n  th*s  fectioa 
that  the  rat cb  of  the  antenna  dnrino  point  inpedasee  to  a  jo-c-as  systes 
iapedaatc  is  mproved  significantly  br  use  of  the  caspet  hsles.  lac- 
balsa  serres  not  only  as  an  itspedasoe  transformer  Let  is  an  asLalJsccs 
to  balanced  line  transformer  as  sell.  Furthermore  -  this  mtdi  inprore- 
;>.r. *  sas  citenlss  to  freessscies  sclov  the  radiating  frec«act  baas  of 
ibe  antenna  *l:h  use  of  ccobiaslica  lsapcc  and  distributed  leads  'em : - 


the  enter  ends  of  the  msicu 


terminations  sere  effective 


in  absorbing  signals  reaching  the  enter 


ids  ef  the  astenns  is  the 


frequency  range  of  !f?9  to  I{3  jSi  for  the  24-:acS  aatema  and  175  to 
3CO  33t  for  the  12— iseft  ssicnaa. 

It  is  also  seen,  boeever.  that  the  lost-profile  balaa ’antenna 


configuration  does  not  natch  ns  *ell  so  a  50— :-hn  system.  over  the 
extended  frequency  rtaye.  as  does  the  belna/anianan  configuration 


istlndes  the  tmasanssion  line  pcrocndi cular  to  the  antenna.  For  the 
los— profile  eon* igursi ios.  the  »S»B  pcalcs  are  larger  and  note  frequent. 
This  meat  men*  is  the  aniecaa-svstca  natch  cawcs  little  additional 


stsicss-seMiUTiir  loss,  brst 


result  in  signal  distortion. 


effects  of  raaiiifescanee  are  greater  for  the  I©>s-pref*I©  conf  igisrai  Ion 
than  far  the  perpcsdieailsr-s mns»issios-l s«  'ssnf sgarattoa  because 


iwgcr  signals  are  reflected  at  the  jou 


Farthers©  re- 


,c  of  t be  irsna$ss4os-i  fit-  interaction  with  IS*  radiated  irelds 


©i  the  It 


s'; Ic  tiCc.uu  ows'sfantjot  lee  iSfS 


^intea  the  srstca  mad  INi  balm  cones  npidh  *srt  fre^nact.  cntisi 


tssde  distortion# 


ca3in'*;e  \&  cef C*  t : 


distortion  cw  to  :x:  1  ■  -caag-c.  tteiber  or  sot  sii 


isiertlw  Clots 
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of  information)  sill  prove  to  be  serious  depends  on  the  envi ronnenl 
under  shich  the  antenna  system  1 1  have  to  operate.  The  frequency  of 
the  received  signal,  its  bandvidth.  and  the  kind  of  information  desired 
from  the  signal  sist  be  considered.  The  lox-profile-configuratlon 
itrpedaace  natch  can  b;  improved  (s-ith  the  red  net  ion  of  signal  distortion) 
by  moving  the  transmission  line  avav  from  the  -ntenna.  This,  of  course, 
is  done  at  the  expense  of  the  lov  profile  of  the  balun/ antenna  con¬ 
figuration. 


VII  SOS1ARY  AND  CONCLUSIONS 


The  input  inpedance  at  the  center  terminals  has  been  seasurod  for 
t®o  planar  equiangular  spirals  printed  on  a  dielectric  sheet.  The 
spirals  are  self-conplementary  except  near  their  centers  and  over  the 
outside  quarter  turn,  and  arc-  free  to  radiate  on  both  sides  of  the  plane 
of  the  spiral.  3hen  tanking  sosi  of  the  neasureaents.  the  antennas  sere 
placed  against  various  building  materials.  Based  on  the  average  input 
impedance  an  thin  the  frequency  band  for  good  radiation  fron  each 
antenna,  t^o  baluns  have  been  designed  and  constructed  to  provide  a 
good  natch  bet-een  the  antennas  and  50-ohn  coaxial  tran^gsission  lines. 
These  baluns  have  been  combined  ad tn  the  spiral  antennas  to  fora  a 
thin  package,  and  inpedance  neasuresents  have  been  nadc-  foi  the  ha! un/ 
antenna  combination. 

The  data  presented  in  this  report  shos  that  the  inpet  inpedance  at 
the  spiral  center  is  ha.-dly  affected  by  placing  the  dielectric  side  of 
the  antenna  against  dielectric  ouilding  materials.  (Solid  metal  and 
materials  containing  large  amour. ts  of  metal  mere  specifically  excluded 
fros  the  choice  of  building  materials.)  This  insensitivi ty  01  inpe- 
dam.ee  to  the  environment  :?  related  to  the  fact  i 1  the  dielectric 
sheet  supporting  each  spiral  is  sufficiently  thick  that  the  local  fields 
near  the  center  feed  points  do  not  penetrate  significantly  through  the 
dielectric  sheet.  The  resistive  mart  of  the  input  impedance .  averaged 
over  the  radiating  frequency  banc.,  is  125  oh*s  for  t:sc  2-i-inch-diaseter 
spiral,  and  127  ohms  for  the  32-inch-diancter  spiral.  There  arc  loser 
than  the  theoretical  value  of  .TT7/2  a  is®  ohms  because  of  the  presence 
of  the  dielectric  sheet  on  rtich  each  spiral  is  printed  and  because  of 
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tiie  finite  conductor  thickness  to-spacing  ratio.  The  reactive  part  of 
each  input  impedance  is  low  over  the  radiating-f requency  band. 

The  low-frequency  cutoff  of  the  frequency  band  for  efficient 
radiation  was  found  to  be  affected  by  the  materials  placed  near  the 
antennas.  The  low- frequency  cutoff  is  determined  by  the  circumference 
of  the  outside  of  the  antenna  being  about  a  wavelength  for  the  currents 
propagating  along  the  spirals.  The  fields  in  the  radiating  region  of 
the  antenna  do.  of  course,  extend  through  the  support  dielectric  into 
the  building  materials.  The  building  materials  thus  change  the  effec¬ 
tive  wavelength  on  the  spiral.  The  largest  measured  change  occurred 
when  the  24-inch  spiral  was  moved  from  free  space  to  a  position  against 
a  plastered  brick  wall,  which  lowered  the  cutoff  frequency  from  140  to 
110  MHz.  The  corresponding  frequencies  for  the  12-inch  spiral  are  300 
and  250  MHz. 

A  unique  feature  of  the  compact  baluns  designed  and  built  for  these 
spiral  antennas  is  that  the  impedance  transformation  ratio  is  other 
than  4:1  or  1:1.  These  baluns  have  peak  VSWRs  very  close  to  the  limit 
set  by  the  miniature  ferrite  cores.  The  ferrite  material  used  is  the 
best  suited  to  the  application.  Some  improvement  might  be  possible  by 
using  larger  toroids,  but  at  the  expense  of  increasing  the  balun  size. 
When  terminated  with  a  132-ohm  balanced  resistive  load  (which  is  the 
average  of  the  two  antenna  impedances),  the  compact  baluns  have  VSWR  < 
1.35  over  the  100-to-2000  MHz  band  over  which  measurements  were  made. 

The  compact  baluns  constructed  aie  as  thin  as  is  consistent  with 
the  SMA  (OSM)  coaxial  connector  used.  The  clearance  to  a  mounting 
surface  is  just  adequate  to  clear  the  coupling  nut  as  a  connector  is 
screwed  onto  the  balun.  If  no  conrector  was  used  or.  the  balun,  but  a 
miniature  coaxial  cable  was  permanently  soldered  to  the  balun.  then  the 
balun  thickness  could  be  reduced  further  to  on  the  order  of  1/8  inch. 
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The  outside  ends  of  the  spiral  conductors  must  be  terminated  if 
there  is  to  be  low  VSWR  at  the  center  input  terminals  when  the  drive 
frequency  is  below  the  low-frequency-radiation  cutoff.  Distributed  loss 
is  necessary  to  give  good  VSWR  immediately  below  cutoff,  and  a  lumped 
network  is  required  fco  give  good  VSWR  far  below  cutoff.  For  example, 
the  input  match  of  the  untenninated  12-inch  spiral  quickly  degraded 
to  VSWR  «  10  as  the  frequency  was  reduced  below  300  MHz.  With  the 
termination  in  place,  that  antenna  has  VSWR  <  1.5  down  to  165  MIIz,  and 
VSWR  ^  3  at  100  MHz.  Further  improvement  is  probably  possible. 

Making  the  combination  of  each  antenna  and  balun  as  flat  as  possible 
required  some  compromise  of  the  electrical  performance.  From  the 
electrical  viewpoint,  the  transmission  line  that  feeds  the  antenna 
center  should  be  placed  so  that  it  interacts  very  little  with  the 
antenna  fields.  It  is  not  practical  to  route  the  feeding  transmission 
line  along  the  spiral  conductors  of  these  antennas  because  the  width  of 
the  conductors  near  each  antenna  center  is  very  narrow,  and  because  the 
length  of  line  required  would  have  singificant  dissipation  loss.  Keeping 
the  feed  line  several  inches  from  the  antenna  surface  gives  good  input 
VSWR,  but  is  inconsistent  with  the  desire  for  a  flat  structure.  The 
configuration  finally  adopted  has  the  balun  mounted  at  the  antenna 
periphery,  with  a  miniature  two-wire  line  running  from  the  balun  to  the 
antenna  center  terminals.  The  interaction  between  the  antenna  fields 
and  the  two-wire  line  produces  many  peaks  of  up  to  VSWR  =  2.3  for  the 
antenna  and  balun  combinations.  This  represents  a  maximum  power  loss  of 
0.7  dB  due  to  mismatch  when  the  antenna  is  used  with  a  50-ohm  system, 
which  is  only  0.5  dB  greater  mismatch  loss  than  if  the  balun-to-antenna 
two-wire  line  were  mounted  far  from  the  antenna  surface. 
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